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Contamination of recreational waters with fecal waste, indicated by the presence of

enterococci, can have consequences for human and ecosystem health. The difficulty in
determining the extent and origin of fecal pollution in dynamic estuarine systems is
compounded by contributions from sources including septic tanks and agricultural runoff.
This study investigated fecal pollution at five sites with variable hydrological conditions
in the St. Lucie Estuary and Indian River Lagoon. The distribution and occurrence of
enterococci was assessed using traditional cultivation. A human-associated microbial
source tracking assay was validated and applied in these estuaries using qPCR. Results
demonstrated a correlation between enterococci concentrations, rainfall, and salinity. The
human-associated assay was sensitive and specific in the lab; however, human fecal
pollution was not detected in the field even though samples contained high levels of
enterococci. This study highlights the importance of expanding the range of water quality
assessment.
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1. INTRODUCTION
1.1 Background Information
Contamination of environmental waters with fecal waste warrants concern for the
health of recreational users due to waterborne illnesses, as well as for the aquatic ecosystem
due to potential impacts of deficient water quality. Direct exposure to human fecal
pollution from activities like swimming and snorkeling endangers human health by
increasing the risk of contact with human pathogens such as enteroviruses and antibioticresistant bacterial strains (Cabelli et al., 1982; Cheung et al., 1990; Wade et al., 2003).
Agricultural drainage carrying livestock feces may introduce animal pathogens such as
Escherichia coli 0157:H7 capable of causing zoonotic infections (Field and Samadpour,
2007; Walters et al., 2007). Feces in waterways from dense wild bird populations may
spread pathogens such as Salmonella spp. to humans and animals (Lu et al., 2008), while
stormwater runoff containing canine feces may transmit other pathogens and parasites
(Green et al. 2014). High concentrations of bacteria associated with fecal waste are often
a consequence of hurricanes or durations of unusually heavy rainfall in coastal urbanized
districts, especially areas with high densities of septic tank systems or other sources of
poorly treated human waste (Mallin et al., 2000; Ortega et al., 2009; Lapointe et al., 2012;
Lapointe et al., 2015; Lapointe et al., 2017). In order to evaluate fecal pollution and the
accompanying health hazards, a variety of qualitative and quantitative methods must be
employed for comprehensive bacterial monitoring within impacted water bodies.
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Fecal indicator bacteria (FIB), which include enterococci such as Enterococcus
faecalis and fecal coliforms such as E. coli, comprise part of a symbiotic consortium of
microorganisms inhabiting the gastrointestinal tract of humans and other mammals, birds,
and reptiles (Gilmore et al., 2014; U.S. EPA, 1976). Enterococci help maintain human
health by facilitating digestion, producing beneficial compounds, and repressing
pathogenic growth (Gilmore et al., 2014). These enteric bacteria, or gut microbes, are
present in human fecal material at concentrations spanning from 104 to 106 bacteria per wet
gram (Layton et al., 2010; Boehm and Sassoubre, 2014). The relative number of
enterococci in raw sewage is about 105 bacteria per 100 ml (Ahmed et al., 2008). Because
enterococci are prevalent in human feces, adapted to living in harsh environments, and
easily cultured, they are widely regarded as environmental indicators of fecal pollution and
have been used by regulators over the last century to assess the quality of fresh and marine
waters (U.S. EPA, 1976; U.S. EPA, 1986; Wade et al., 2003; Tallon et al., 2005; Griffith
et al., 2009; U.S. EPA, 2012; Harwood et al., 2014; Boehm and Sassoubre, 2014; Gilmore
et al., 2014).
Epidemiological studies conducted in the United States and European Union have
demonstrated a positive correlation between enterococci concentrations and swimmers
becoming sick with gastrointestinal illnesses (Cabelli, 1983; Wade et al., 2006;
Wiedenmann et al., 2006; Boehm and Soller, 2011). However, the causative link between
enterococci and waterborne illness is unclear, particularly since the leading etiologies of
waterborne illness in developed countries are thought to be viral infections (Field and
Samadpour, 2007; Boehm and Sassoubre, 2014; Harwood et al., 2014). A microbial risk
assessment also revealed that fecal pollution derived from a human source poses a greater
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health threat than does fecal pollution derived from livestock and birds (Soller et al.,
2010b). Given this evidence, the presence of enterococci in recreational waters could be
indicative of human viruses and have important health implications for swimmer safety
(Boehm and Sassoubre, 2014). The U.S. Environmental Protection Agency provides
recreational water quality criteria, under the Clean Water Act (CWA) amended by the
Beaches Environmental Assessment and Coastal Health (BEACH) Act of 2000, for
enumeration of enterococci in both fresh and marine waters and E. coli in freshwater.
Traditional cultivation of enterococci by standard membrane filtration is done to estimate
the magnitude of fecal pollution in terms of colony forming units (CFU) per 100 ml of
water. It is recommended that beach action values (BAV) of £70 CFU/100 ml enterococci
and £235 CFU/100 ml E. coli are within the acceptable illness risk level for full-body
immersion, and can be implemented as a supplemental tool to monthly geometric means
and statistical threshold values (U.S. EPA, 2012). The Florida Department of Health
(FDOH) interprets BAV as conservative and precautionary measurements in samples on a
single day, assisting in decisions to issue advisories and closures. While the FDOH
currently focuses on enterococci as indicators (Florida Healthy Beaches Program, 2001),
the Florida Department of Environmental Protection (FDEP) monitors fecal coliforms,
which should not exceed 800 CFU/100 ml on any one day in Class III recreational waters
(Florida Administration Code, 62-302.530). While traditional cultivation is useful in
diagnosing recreational water quality based on bacterial concentrations, these methods are
limited in that they cannot provide information on polluting sources.
Fecal pollution in recreational waters is comprised of contributions from sewage,
septic tank effluent, urban and agricultural runoff, wildlife (Bernhard and Field, 2000a;
3

Shanks et al., 2008; Lu et al., 2008), and pets (Kildare et al., 2007; Green et al., 2014). The
estimated enterococci concentrations in both urban and agricultural runoff is 103 bacteria
per 100 ml (Reeves et al., 2004; Diaz et al., 2010). Other polluting sources of enterococci
in the environment include bather shedding, boats, decaying plant material, polluted
groundwater, and stormwater drainage (Boehm and Sassoubre, 2014). In addition, studies
have shown that enterococci are capable of persisting in submerged aquatic vegetation,
sands, soils, and sediments, and may become resuspended in the water column subsequent
to initial fecal loadings (Whitman et al., 2003; Anderson et al., 2005; Jeng et al., 2005;
Badgley et al., 2011). Enterococci concentrations are spatially and temporally variable, as
the distribution and fate of these enteric bacteria are manipulated upon entering the
environment by numerous factors not limited to mixing, particle interactions, predation by
grazers, nutrient starvation, tidal cycle, and sunlight damage (Boehm and Sassoubre, 2014).
Decomposition rates of enterococci among polluting sources also vary and are effected by
differences in physiochemical stresses encountered during the route from source to
environmental waters (Wanjugi et al., 2016). Consistent detection of enterococci above
acceptable risk levels in recreational waters through traditional cultivation supports the
need to accurately identify polluting sources, and thereby improve coastal watershed
management strategies.
Microbial source tracking (MST) allows the identification of specific fecal sources
based on recognizable characteristics of microbes, which may be phenotypic or genetic,
associated with distinct host species (Bernhard and Field, 2000a; Bernhard and Field,
2000b; Harwood et al., 2000; Shanks et al., 2006; Shanks et al., 2007; Harwood et al.,
2009). In general, MST tests can be categorized as either library-dependent or library-
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independent (Soule et al., 2006; Harwood et al., 2014). Library-dependent methods start
with characterization of a large number of microbial isolates from known human or animal
sources in order to generate a suitable classification equation using multivariate statistics
(Soule et al., 2006). These methods often require a culture step and rely on databases of
phenotypic features such as antibiotic resistance (Harwood et al., 2000), carbon utilization
(Hagedorn et al., 2003), or DNA fingerprints (Moore et al., 2005). Library-independent
methods begin with characterization of host-associated strains in order to develop an initial
library of host-associated genetic or phenotypic markers (Soule et al., 2006). Because these
markers are strongly associated with microbial strains from a single host, they can be used
to determine presence or absence without reference to a classification library (Soule et al.,
2006). Many library-independent MST tests, which do not necessitate a culture step, target
a specific host-associated genetic variation on a bacterial gene that has been linked to hostbacterium interactions (Bernhard and Field, 2000b; Shanks et al., 2006; Shanks et al.,
2007) and is universal in both time and space (Soule et al., 2006). In order to verify the
detection accuracy of a genetic marker for use as a diagnostic tool in MST, its specificity
and sensitivity must be analyzed with serial dilutions of fecal waste samples from nontarget and target hosts in a buffer solution (Bernhard and Field, 2000b; Harwood et al.,
2009) and in different water types to account for potential inhibition by particulates and
humic substances (Harwood et al., 2011). Marker specificity refers to the number of fecal
samples from non-target hosts that correctly demonstrate negative results (Harwood et al.,
2014). Sensitivity, on the other hand, is the true-positive rate (Harwood et al., 2014) and
can be affected if the marker is unevenly distributed throughout the target host population
and across various geographic regions (Bernhard and Field, 2000b; Harwood et al., 2009).
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In this context, the limit of detection (LOD), described as the lowest marker concentration
that can be detected (Stoeckel and Harwood, 2007; Harwood et al., 2014), is used to
interpret the sensitivity of an MST method (Harwood et al., 2009). Together, specificity
and sensitivity represent how reliably and proficiently an MST assay performs. Because it
is unclear how the performance of a given MST method may deviate from the primary
calibration model, assay performance must be validated among laboratories,
instrumentation, and technicians prior to use in environmental water quality monitoring.
It has been suggested that library-independent MST techniques are promising
because they provide same-day results that both facilitate management decisions to protect
public health through awareness of fecal pollution and its source (Wade et al., 2006; Field
and Samadpour, 2007; Harwood et al., 2009), and help environmental agencies monitor
total maximum daily loads of pollutants in impacted water bodies (Harwood et al., 2014).
This can be accomplished with end-point polymerase chain reaction (PCR) and quantitative
PCR (qPCR) assays. Although end-point PCR can establish a degree of specificity for
bacterial genetic markers to target hosts and verify the presence or absence of targeted
DNA sequences, these assays are limited in that they cannot approximate concentrations
of the host-associated markers (Staley et al., 2012). Since qPCR eliminates the need for
gel electrophoresis of PCR products and quantifies amplified DNA targets by using either
a fluorescent probe system or DNA binding dye to measure the accumulation of
fluorescence in real time with each cycle (Walker, 2002; Harwood et al. 2014), many PCR
assays have been adapted to qPCR (Seurinck et al., 2005; McQuaig et al., 2009). The U.S.
EPA supports the transition to qPCR methods and has recommended assessment guidelines
for total Bacteroidales and enterococci targets in recreational waters (U.S. EPA, 2010; U.S.
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EPA, 2015). When compared to time, labor, and limitations involved in traditional
cultivation for FIB enumeration, these culture-independent MST analyses may offer a
wider range of water quality assessment by enabling rapid detection and quantification of
source-associated fecal contaminants in the environment (Harwood et al., 2014). A
dominant trend in MST studies aimed at resolving fecal pollution in recreational waters is
to take a toolbox approach, incorporating the analysis of multiple genetic markers
associated with each host species presumed to be a polluting source (Noble et al., 2006;
Ahmed et al., 2015).
Bernhard and Field (2000b) designed one of the earliest library-independent MST
methods to discern human fecal contamination through end-point PCR detection of a
unique region on the 16S rRNA gene of Bacteroidales. The anaerobic BacteroidesPrevotella taxon was selected because members are present in human feces at higher
concentrations than enterococci and fecal coliforms, and have been shown to coevolve with
their host (Bernhard and Field, 2000b). The human-associated Bacteroides marker,
designated HF183, has been consistently ranked as a top performer in MST and used in
numerous studies to assess sewage pollution in coastal waters by reason of its notable host
specificity and method sensitivity (Harwood et al., 2011). The specificity of HF183 to
human sources of fecal pollution has been typically recorded around 97% (Harwood et al.,
2014), and presence of HF183 in human sources has been measured on the order of 107
gene copies per 100 ml sewage (Staley et al., 2012) with 100% sensitivity (Harwood et al.,
2014; Symonds et al., 2017). Quantitative PCR technology is rapidly evolving and
constantly undergoing procedural updates in order to enhance assay performance and
integrity (Shanks et al., 2016). In recent years, the HF183 assay was improved from its
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original version to incorporate a different reverse primer and complementary probe with
higher specificity and sensitivity for qPCR applications (Seurinck et al., 2005; Harwood et
al., 2011; Green et al., 2014; Shanks et al., 2016). The latest modification made to the
human-associated HF183 Bacteroides qPCR assay, HF183/BacR287, is currently under
consideration by the U.S. EPA to become a standardized method for implementation in
laboratories across the U.S. (Green et al., 2014; Shanks et al., 2016). Given that human
fecal pollution is the most concerning type due to the inherent health risk, research has
been carried out to compare the concentrations and decay rates of HF183 originating from
raw feces, wastewater, and septage, in the environment (Wanjugi et al., 2016; Mattioli et
al., 2017). Human fecal sources of particular interest in developed coastal regions are
untreated municipal wastewater and effluent leaching from residential septic tank systems.
1.2 Project Overview
In this study, water was sampled from areas with different hydrological conditions
throughout the St. Lucie Estuary (SLE) and southern Indian River Lagoon (SIRL) in order
to investigate fecal pollution in recreational waters on the east coast of Florida. The SLE
is a 7-mile-long, ecologically significant estuary that maintains communities of plants and
animals including seagrasses, oysters and other invertebrates, fish, and birds. This water
body extends along St. Lucie and Martin Counties and qualifies as Class III waters for
recreational use (Florida Administrative Code, 62-302.530), thereby benefiting the local
economy with opportunities for commercial and recreational fishing, boating, and ecotourism. Since the SLE flows into the southern portion of the IRL before entering the
Atlantic Ocean through the St. Lucie Inlet, it is considered a major tributary to the IRL
(Lapointe et al., 2012; Lapointe et al., 2015). The IRL is a 156-mile-long, bar-built estuary
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renowned nationwide as a highly productive and biologically diverse estuarine system with
an extensive array of habitats, which is attributed to its position along subtropical and
temperate climates. Waters in IRL are also categorized as Class III for recreation. The
residence time within these shallow estuaries can range from a year to less than a day in
certain areas (Smith, 2003). Limited flushing combined with increased urban development
and runoff can have deleterious effects on the ecosystem (Bricker et al., 2007), and thereby
hinder the local economy.
The SLE comprises the North and South Forks of the St. Lucie River (SLR) to the
west, which join at the middle estuary, and is provided with tidal exchange to the east
(Solo-Gabrielle et al., 2008; Ortega et al., 2009; Lapointe et al., 2012; Lapointe et al.,
2015). Since the early 1900s, physical alterations to the SLR watershed have been made
primarily for drainage control purposes in response to urban and agricultural developments
(Lapointe et al., 2012; Lapointe et al., 2015). The C-44 Canal, regulated by the U.S. Army
Corps of Engineers (U.S. ACE) and South Florida Water Management District (SFWMD),
was constructed from Lake Okeechobee to the South Fork of the SLE to serve as a crucial
outlet for stormwater releases through a lock and dam structure. This canal provides
options for diverting water toward the SLE when lake height exceeds target levels of 12.515.5 feet (RECOVER, 2014) during various times of the year. The influence of the
resulting freshwater releases on the SLE encompasses the Lake Okeechobee watershed,
which is composed of the Everglades Agricultural Area and Kissimmee River (Lapointe et
al. 2012; Lapointe et al., 2015). The connection of the C-44 Canal to the South Fork
introduces up to 10,000 cfs of freshwater during scheduled stormwater releases from Lake
Okeechobee, and steady flows from the basin on a regular basis (Lapointe et al., 2012).
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The C-23 and C-24 Canals were connected to the North Fork of the SLR to drain
freshwater runoff from surrounding residential and agricultural lands, with C-23 draining
both residential and agricultural areas and C-24 predominantly draining agricultural areas
(Solo-Gabrielle et al., 2008; Ortega et al., 2009; Lapointe et al., 2012; Lapointe et al.,
2015). After unusual storm events and heavy rainfall, increased freshwater influxes from
discharge canals often correspond with drastic salinity changes and fecal loadings in the
SLE. Previous studies have measured elevated levels of FIB, nitrogen, phosphorus, and
sucralose in certain low-salinity sites of the SLE impacted by freshwater releases,
suggesting that surface waters may be polluted with effluent from neighboring septic tank
systems (Solo-Gabrielle et al., 2008; Ortega et al., 2009; Lapointe et al., 2012; Lapointe et
al., 2015) or other fecal sources. An MST study conducted by the FDEP and Martin County
Utilities detected the former human-associated Bacteroides HF183 marker with qPCR at
two subdivisions that use on-site septic treatment and disposal systems in the SLE (FDEP,
2014), providing further evidence of a need to identify polluting sources in the estuary.
This environmental water quality study had two main research objectives: (1)
Assess the distribution and occurrence of enterococci in surface waters throughout the St.
Lucie Estuary and southern Indian River Lagoon, and (2) Validate the performance of a
human-associated quantitative PCR assay for application in the SLE and SIRL. Over the
course of a year, these estuaries were monitored for enterococci using traditional
cultivation techniques to determine the presence of fecal pollution. The human-associated
HF183 Bacteroides marker (Berhnard and Field 2000b; Green et al., 2014; Shanks et al.,
2016) was extensively tested using qPCR to establish its sensitivity and specificity to
human waste sources. The human-associated qPCR assay was employed in the SLE and
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SIRL to identify human as a polluting source. The ultimate purpose of this research was to
combine the use of traditional cultivation and molecular techniques for a comprehensive
water quality assessment in order to provide valuable information about the spread of fecal
pollution in local recreational waters.
1.3 Hypotheses
H1: Enterococci concentrations will differ among months.
H2: Enterococci concentrations will be correlated with monthly rainfall totals.
H3: Enterococci concentrations will differ among study sites.
H4: Enterococci concentrations will be correlated with salinity.
H5: The human-associated HF183 Bacteroides marker will be detected at study sites that
consistently exhibit elevated enterococci concentrations.

11

2. METHODS
2.1 Site Description and Rationale
Five sites with highly variable water quality conditions throughout the St. Lucie
Estuary and southern Indian River Lagoon were selected (Figure 1) to monitor the presence
of FIB on a monthly basis from February 2016 to January 2017. The Martin County
Department of Health has been monitoring these recreational waters for over a decade and
has issued advisories when enterococci levels were considered unsafe for swimming based
on the beach action values in Table 1. However, currently applied cultivation methods
cannot discriminate the contributing factors or sources of enteric bacteria. While there are
many neighborhoods surrounding the study sites not connected to the Martin County
Utilities Sanitary Sewer System, Figure 1 highlights in pink several subdivisions that have
high densities of septic tank systems and which are also characterized by severe soil
conditions for effluent absorption (CAPTEC Engineering, 2015).

Recreational Water Quality Criteria
Enterococci: CFU/100 ml Water
GOOD

MODERATE

POOR

0-35

36-70

>71

Table 1: Beach action values suggested by the U.S. EPA.

Salinity was used a proxy for freshwater impact and site location. East of Bessey
Creek (brown circle), a low-salinity site on the North Fork of SLE in Palm City, is
positioned by the mouth of the C-23 Canal. Leighton Park (grey circle), a low-salinity site
12

situated on the South Fork of the SLE in Palm City, is directly impacted by freshwater
drainage from the C-44 Canal basin (orange line) and discharges from Lake Okeechobee.
Roosevelt Bridge (purple circle), a low-salinity site in Stuart that sits at the outfall of both
the North and South Forks of the SLE and approaches the middle of the estuary, is
subjected to drainage from both the C-23 and C-24 Canals (orange lines), which receive
residential and agricultural runoff, in addition to drainage from the C-44 Canal. Leighton
Park and Roosevelt Bridge were declared unsafe for recreation by the MCDOH on several
occasions during 2016 due to increased occurrences of enterococci following heavy rainfall
and commencement of Lake Okeechobee stormwater releases. Sandsprit Park (green
circle), a brackish water site located in Stuart, is at the end of the SLE where it enters the
SIRL and is influenced by tidal exchange through the St. Lucie Inlet. Stuart Sandbar (blue
circle), a brackish water site in the SIRL that is popular for boating activities, receives
considerable tidal flushing from the St. Lucie Inlet as it is in close proximity. The precise
location of each study site is included in Table 2.
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Figure 1: Map of SLE sampling sites. E Bessey Creek (brown) is on the North Fork, Leighton
Park (grey) is on the South Fork, Roosevelt Bridge (purple) is near the central SLE, Sandsprit
Park (green) is at the end of the SLE, and Stuart Sandbar (blue) is in the SIRL. Drainage canals
are traced in orange. Urban septic tank areas with unfavorable soil conditions are highlighted in
pink.

Study Site

GPS Coordinates

East Bessey Creek

27°12’17.18’’N, 80°16’25.05’’W

Leighton Park

27°10’19.48’’N, 80°15’47.95’’W

Roosevelt Bridge

27°12’11.07’’N, 80°15’29.80’’W

Sandsprit Park

27°09’48.52’’N, 80°11’36.95’’W

Stuart Sandbar

27°09’57.29’’N, 80°09’50.72’’W

Table 2: Locations of study sites selected for the water quality monitoring period.
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2.2 Environmental Sample Collection
The five study sites were sampled on a monthly basis from February 2016 to
January 2017. At each site, a sterile 1 L Nalgene bottle (Thermo Scientific, Waltham, MA)
was filled with water by submersion below the surface. The salinity was measured using a
simple handheld refractometer for the first seven months. For the remaining five months,
salinity, along with other physiochemical parameters, was measured using a ProDSS YSI
(Xylem, Yellow Springs, OH). All water samples were kept on ice inside a cooler and
transported to HBOI for processing within 6 hours of collection.
2.3 Traditional Cultivation Preparation
The day prior to environmental sample collection, all materials including glass filter
apparatuses and dilution tubes containing 19 ml and 10 ml of phosphate-buffered saline
(PBS) (8 g/L NaCl, 0.2g/L KCl, 1.44g/L Na2HPO4, 0.24g/L KH2PO4; pH 7.2) were
autoclaved at 121°C and 15 psi for 15 minutes. mEI Agar (BD Difco, Franklin Lakes, NJ)
was prepared according to manufacturer’s directions. After tempering in a 50°C water bath,
200 µl filter-sterilized solution of nalidixic acid (50 mg/ml) and 200 µl filter-sterilized
triphenyltetrazolium chloride (20 mg/ml) were added to the medium. Aliquots of mEI (5
ml) were dispensed into 60 x 15 mm Petri dishes. Control cultures Enterococcus faecalis
ATCC 19433 (positive control) and Escherichia coli ATCC 11775 (negative control) were
grown in azide dextrose broth and nutrient broth (BD Difco, Franklin Lakes, NJ),
respectively, at 35°C and 210 rpm for 24 hours (U.S. EPA, 2002).
2.4 Enumeration of Fecal Indicator Bacteria
For the enumeration of FIB, serial dilutions (10-fold) of each environmental water
sample were prepared in sterile PBS and then vacuum-filtered through gridded 47 mm
15

diameter, 0.45 µm pore size mixed ester cellulose membrane filters (Fisher Scientific,
Hampton, NH). The filters were placed onto a standard chromogenic detection medium
(mEI) to determine the FIB concentration. mEI agar is the selective and differential
medium used for enumeration of enterococci, which appear as colonies with a blue halo
(Figure 2).

Figure 2: mEI agar selects for and differentiates enterococci (blue halo).

Controls were performed whenever the assay was run: Positive and negative control
cultures suspended in PBS were processed and membrane filtered onto mEI samples to
ensure detection accuracy; and a method blank (50 ml PBS filtered onto mEI) and filtration
blank (50 ml PBS filtered onto tryptic soy agar) were used to verify sterility of the method
medium, diluent, and filtration equipment. All plates were incubated at 41°C for 24 hours.
To determine colony counts for each site, the dilution that gave between 20 and 80 colonies
was chosen for each sample. The total number of CFU per 100 ml water was calculated.
The above procedure complies with U.S. EPA Approved Method 1600: Enterococci in
Water by Membrane Filtration Using membrane- Enterococcus Indoxyl-β-D-Glucoside
Agar (mEI) (U.S. EPA, 2002).
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2.5 Environmental DNA Extraction
DNA was extracted from water samples each month and preserved for qPCR. Water
samples (300-500 ml) were filtered through 47 mm diameter, 0.45 µm pore size mixed
ester cellulose membrane filters (Fisher Scientific, Hampton, NH). To prevent micro-tears
from forming due to prolonged filtering and clogging of the membrane filters, 300 ml rather
than 500 ml of water samples that contain excess particulates and humic substances were
filtered for a maximum of 15 minutes (Harwood et al. 2009). Membrane filters were then
loosely rolled, placed into bead-beating tubes, and stored at -80°C for up to a week prior
to DNA extractions. DNA was extracted from the membrane-filtered water samples using
the DNeasy PowerWater Kit (Qiagen, Valencia, CA) and following the manufacturer’s
instructions. The quality (A260/A280) and concentration (ng/µl) of all DNA extracts were
measured using a Thermo Scientific NanoDrop 2000. DNA extracts were stored at -20°C.
2.6 Quantitative PCR Amplification
The primers and probe used in this study (Table 3) target a genetic marker encoding
the 16S rRNA of human-associated Bacteroides HF183. Primers were synthesized by
Integrated DNA Technologies (Coralville, IA) and were rehydrated with nuclease-free
water to a stock concentration of 100 µM. The probe was synthesized by Applied
Biosystems (Carlsbad, CA) and provided by the vendor as a 100 µM solution. The probe
is labelled with FAM (6-carboxyfluorescein) at the 5’ end, and a nonfluorescent quencher
with a minor groove binder (MGB) moiety at the 3’ end. MGB increases the melting
temperature of the probe and enables greater specificity (Kutyavin et al. 2000). Primerprobe mixes were prepared with the final concentration of each primer at 1 µM and of the
probe at 80 nM.
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Target
Humanassociated
Bacteroides

Primer/Probe

DNA Sequence (5’ to 3’)

Reference

HF183F
F-ATCATGAGTTCACATGTCCG
Bernhard & Field
BacR287
R-CTTCCTCTCAGAACCCCTATCC
2000b;
BacP234MGB [FAM]-CTAATGGAACGCATCCC-[MGB] Green et al. 2014

Table 3: qPCR primers and probe used to target human-associated Bacteroides HF183.

Each 25 µl qPCR reaction contained: 1X TaqMan Universal Master Mix II (no
UNG), 0.2 mg/ml bovine serum albumin (BSA), 1 µM each primer, 80 nM probe, nucleasefree water, and 5 µl template DNA. All instrument runs were conducted in 96-well qPCR
plates with films using the AriaMx Real Time PCR System (Agilent Technologies, Santa
Clara, CA). Reactions were run in triplicate, and no-template controls (NTC) with
nuclease-free water in place of template DNA were included on each plate. Thermocycler
conditions consisted of an initial denaturation at 95°C for 2 minutes, followed by 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute. The threshold and baseline were
automatically set by the Agilent Aria Software v1.3 for each instrument run. Marker
concentrations in samples were estimated by comparison to the standard curve.
2.7 Standard Curve and Performance Metrics
A dilution series of reference DNA at known concentrations is used to create a
standard curve model for quantifying the human-associated marker in samples and to
analyze performance metrics of the qPCR assay. In this study, a standard curve for the
human-associated marker was generated using chemically synthesized, double-stranded,
linear DNA (gBlocks Gene Fragments, Integrated DNA Technologies, Coralville, IA) as
this provides a suitable standard for qPCR applications (Hou et al., 2010; Staley et al.,
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2012). The DNA fragment was synthesized as the target sequence for HF183 (5CGTCAGGTTTGTTTCGGTATTGAGTATCGAAAATCTCACGGATTAACTCTTGT
GTACGCTCTCGAGGACCAGCTAATGCATATAAATAAGTTACGTGATGAGACC
GGCGCACGGGTGAGTAACACGTATCCAACCTGCCGTCTACTCTTGGCCAGCC
TTCTGAAAGGAAGATTAATCCAGGATGGGATCATGAGTTCACATGTCCGCAT
GATTAAAGGTATTTTCCGGTAGACGATGGGGATGCGTTCCATTAGCTCGAGA
TAGTAGGCGGGGTAACGGCCCACCTAGTCAACGATGGATAGGGGTTCTGAGA
GGAAGG-3’) (Shanks et al., 2016).
DNA was rehydrated to a concentration of 10 ng/nl and then serially diluted (10fold) in TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) to final concentrations
ranging from 101 to 107 gene copies/5 µl reaction. The number of gene copies/5 µl reaction
was determined by multiplying the DNA concentration by Avogadro’s number and
dividing by the product of the target sequence size and average weight of a base pair (Yun
et al., 2006; Staley et al., 2012). Each reference DNA concentration (101 to 107) of the
standard curve was run in triplicate on each plate for qPCR proficiency tests. For all other
qPCR analyses, each concentration (102 to 106) of the standard curve was run in triplicate
on each plate. The Agilent Aria Software v1.3 fitted the absolute standard curve with
simple linear regression based on gene copy number (plotted on the x-axis) and
quantification threshold cycle (Cq) (plotted on the y-axis) measurements from triplicate
reference DNA dilutions. Default settings were used to calculate mean gene copies per 5
µl reaction for each sample, which was back-calculated in Excel to account for dilutions
and expressed as gene copies per 100 ml water.
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Proficiency of the HF183/BacR287 qPCR assay was validated using mean
performance metrics of the standard curve model from three consecutive instrument runs
summarized in Table 4 (results section), as recommended by Green et al., 2014 and Shanks
et al., 2016. Amplification efficiency (E) is the average reaction efficiency at which the
DNA standards in the standard curve are measured. It is calculated as E = (10-1/slope)-1, and
derived from the slope of the log-linear phase of the amplification reaction (y = m*log(x)
+b, where m is the slope of the line). Values for E should be between 0.90 and 1.10 (or 90110%) and correspond to a slope between -3.1 and -3.6. The correlation coefficient (R2) is
a measure of assay variability, or how well the data fit the standard curve. Values for R2
should be between 0.98 and 1.0. The specified qPCR performance parameters align with
the MIQE qPCR guidelines (Bustin et al., 2009) and were used to analyze each instrument
run and sample.
2.8 Limit Terminology
Sensitivity of the human-associated qPCR assay was tested in terms of the limit of
detection (LOD) and limit of quantification (LOQ), as previously described (Staley et al.,
2012). The lower limit of quantification (LLOQ), a measurement of analytical LOD, is the
minimum number of target gene copies that can be quantified with reasonable certainty
using the standard curve model (Shanks et al., 2016). The LLOQ was calculated from the
reference DNA and designated as the upper bound of the 95% confidence interval from
repeated measurements of 100 copy per reaction DNA standard dilutions (Table 4).
Samples that amplified below the LLOQ (or at a higher Cq) were considered detectable
(positive), but not reliably quantifiable.
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The method limit of detection (MLOD) is the degree to which DNA extracted from
human wastewater can be diluted in sterile PBS and still detected (Staley et al., 2012). The
process limit of detection (PLOD) is the least amount of human wastewater that can still be
detected after undergoing the entire sample preparation process, from dilution in
environmental water and membrane filtration to DNA extraction (Staley et al., 2012). The
LOD was established as the marker concentration that can be discerned from a non-detect.
Observed amplification in two out of three replicate reactions (66% detection) was used to
determine method and process LOD. The LOQ was established as the marker concentration
that can be quantified with reasonable accuracy. Amplification in triplicate reactions with
a Cq standard deviation of <1 among the replicates was used to validate the method LOQ
and process LOQ.
2.9 Wastewater Handling for MLOD and PLOD Tests
Two source types of human fecal pollution were collected using standard aseptic
techniques from distinct treatment systems in order to analyze the method and process
sensitivity of the human-associated qPCR assay. Influent wastewater samples were
collected in pre-sterilized polystyrene 500 ml bottles (Corning, Corning, NY) from a lift
station on four separate dates at the South County Wastewater Treatment Facility in Vero
Beach. Two of these samples were 24 hour composites, while the other two samples
represent influent received within the hour. Septic tank effluent samples were collected on
three separate dates in sterile bottles directly from the tank system at three individual
residences with the help field technicians of the Vero Beach Water and Sewer Department.
Influent wastewater and septic tank effluent samples were transported on ice to HBOI and

21

maintained at 4°C in a refrigerator for up to 8 hours before the sample preparation process
was commenced.
For MLOD, DNA was extracted in triplicate from each sample (n=21) by membrane
filtration of 25 ml aliquots. Filters were preserved at -80°C for up to a week prior to DNA
extraction using the DNeasy PowerWater Kit (Qiagen, Valencia, CA) and following the
manufacturer’s instructions. Extracts were quantified and stored at -20°C. DNA from each
human wastewater and septic effluent sample was serially diluted over six orders of
magnitude (100 to 10-6) in sterile PBS giving a total volume of 20 µl. Undiluted DNA along
with each point on the DNA dilution series was used as template in qPCR reactions to
capture the dilution at which the human-associated marker signal became undetectable and
unquantifiable. The Jeffrey’s method, a Bayesian approach that is appropriate for small
sample sizes, was used to calculate the confidence interval of marker sensitivity (the truepositive rate) and establish a binomial proportion confidence interval (Brown et al., 2001).
2.10 Process Limit of Detection
Complex matrices were produced by combining human wastewater with ambient
environmental water samples collected from four sites with variable hydrological
conditions in order to represent common water types in Florida, and assess the potential
for target loss and qPCR inhibition. The sites chosen for this portion of the study were
Timer Powers Park (27°01’08.68’’ N, 80°26’39.69’’ W), estuarine sites Roosevelt Bridge
and Sandsprit Park (Figure 1 and Table 1), as well as Bathtub Reef Beach (27°11’10.82’’
N, 80°09’37.29’’ W). Timer Powers Park is located on the C-44 Canal, and contains high
concentrations of large particulates and humic substances. This freshwater site is an
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excellent contrast to the marine site Bathtub Reef Beach, which is located right outside of
the St. Lucie Inlet.
Due to time constraints and distance between each site, sampling was broken up
into two separate events so that two sites were sampled on one day and the other two sites
were sampled on another day (sampling dates are listed in Table 6). Each site was sampled
twice. Physiochemical parameters were measured in the field on both dates. Environmental
water samples were collected and transported as previously described, with the exception
that a total of eight 1 L samples were collected from each of the four sites (n=32). One of
the eight samples collected from each site was left unaltered for traditional cultivation of
enterococci (performed in duplicate) and the detection of background marker levels. The
other seven environmental water samples collected from each site were spiked with known
amounts of wastewater, which had been collected the morning of each sampling event. In
addition, enterococci were enumerated from each wastewater sample by filtering 20 ml
aliquots of 10-3 and 10-4 diluted wastewater in sterile PBS (performed in duplicate).
Wastewater was serially diluted over six orders of magnitude in 100 ml bottles of
sterile PBS giving a total volume of 50 ml. Aliquots of 3 ml on each point of the dilution
series was used to spike 300 ml of water collected from Timer Powers Park and Roosevelt
Bridge sites, whereas 5 ml on each point of the dilution series was used to spike 500 ml of
water collected from Sandsprit Park and Bathtub Reef Beach sites. DNA was extracted
from each sample using the method described for water samples. The DNA extracted from
all unaltered and wastewater-spiked environmental samples from each site was used as
template in qPCR reactions to capture the dilution at which the human-associated marker
signal became undetectable and unquantifiable.
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2.11 Fecal Sample Handling and Specificity Tests
Animal fecal samples were collected using standard aseptic techniques from
different agricultural and residential areas on the east coast of Florida in order to evaluate
the host specificity of the human-associated qPCR assay. Fecal samples were individually
collected in zip-lock bags from the following non-target sources: cows (n=10), horses
(n=5), goats (n=3), pigs (n=5), chickens (n=5), deer (n=1), cats (n=3), and dogs (n=3).
Samples from livestock and deer were taken from various farms in Pierson, whereas
samples from domestic pets were obtained in Fort Pierce and Vero Beach. Fecal material
was stored at -20°C for up to a week before being transported on ice to HBOI for
processing. Upon arrival at the lab, a sample of each fecal sample (0.2-0.5 g) was
transferred to bead-beating tubes and stored at -80°C for up to a month prior to DNA
extraction.
DNA was extracted from each fecal sample using the DNeasy PowerSoil Kit
(Qiagen, Valencia, CA) by following the manufacturer’s instructions, quantified, and then
stored at -20°C. For host specificity testing, the DNA from each fecal sample was diluted
twice in sterile PBS. In addition to undiluted DNA, the 1:10 and 1:100 dilutions were used
as template in qPCR reactions to confirm that negative results were not due to inhibition.
Specificity was defined as the proportion of true negative non-target host fecal samples and
calculated as d/(b+d), where b is the number of false positives and d is the number of true
negatives (Harwood et al., 2014). The Jeffrey’s method was used to calculate the
confidence interval of marker specificity and establish a binomial proportion confidence
interval (Brown et al., 2001).
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2.12 qPCR Analysis of Environmental Waters
After successfully validating the performance of the human-associated HF183
Bacteriodes marker in simple and complex matrices, this qPCR assay was put to use in
environmental water samples that had been collected from the five original study sites
during the year-long monitoring period. Rather than screening all of the preserved samples
from each of the 12 months for HF183/BacR287, quarterly water samples were selected.
The DNA that had been extracted from sampling events in March, June, September, and
December was used as template for qPCR reactions to capture seasonal changes and
potential environmental influences.
2.13 Statistical Analyses
A Shapiro-Wilk test was run on data compiled throughout the year for enterococci
concentrations, temperature (30-day mean), salinity, total rainfall (30-day sum), and canal
flows (30-day mean), and showed that none of the data was normally distributed or
parametric. The enterococci counts were log-transformed in order to meet the assumption
of homogeneity of variance among comparison groups. A two-way analysis of variance
(ANOVA) was then conducted to determine if there were significant (alpha=0.05) effects
for sample month on enterococci as well as for study site on enterococci. A Tukey honest
significant difference (HSD) post-hoc test was run to make multiple pair-wise comparisons
among months and sites. A series of Spearman’s Rank tests was then used to test nonparametric data for significant correlations between enterococci and each of the specified
seasonal influences and site characteristics. Kendall-Theil Sen Siegel non-parametric linear
regressions were performed to further scrutinize significant correlations between
enterococci and total rainfall as well as enterococci and salinity. The Bonferroni correction
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was made on p-values generated from Spearman’s Rank tests and Kendall-Theil
regressions to reduce false positives and account for the number of comparisons. All
statistical analyses were executed using RStudio Version 1.1.383 (Boston, MA).
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3. RESULTS
3.1 Detection of Fecal Indicator Bacteria
The presence of enterococci was determined on a monthly basis at five sites
throughout the SLE and SIRL. A two-way ANOVA showed that there is a significant effect
for sample month on enterococci (F11,43=6.364, p=4.04E-06). This result supports the first
hypothesis (H1) that enterococci concentrations will differ among months. The analysis of
variance also showed that there is a significant effect for study site on enterococci
(F4,43=23.699, p=2.11E-10). This result supports the third hypothesis (H3) that enterococci
concentrations will differ among study sites. A significant effect for the interaction of site
and month on enterococci was not found.
Enterococci levels (CFU per 100 ml) that were observed in water samples collected
from each study site during each of the sampling events February 2016 to January 2017
(excluding East Bessey Creek in February) are shown in Figure 3. Each bar on the graph
represents one of the five sites and the respective colors coordinate with those of the circles
on the map (Figure 1). Enterococci levels at Leighton Park (grey) and Roosevelt Bridge
(purple) were frequently higher than those at Sandsprit Park (green) and Stuart Sandbar
(blue) throughout the monitoring period, while enterococci at East Bessey Creek (brown)
fluctuated. Enterococci levels among the study sites are illustrated in a box-whisker plot
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(Figure 4). The black line is the median, the box is the inter-quartile range, and the whiskers
extend to the maximum and minimum, while circles represent outlier measurements in the
data. The inter-quartile ranges of enterococci at Leighton Park and Roosevelt Bridge
overlap, whereas those at East Bessey Creek, Sandsprit Park, and Stuart Sandbar overlap.
In this study, the highest concentration of enterococci for both Leighton Park and
Roosevelt Bridge was recorded in August 2016, at 244 CFU/100 ml and 152 CFU/100 ml,
respectively. There was a single spike in enterococci counts that occurred at East Bessey
Creek in June 2016 with enterococci reaching 305 CFU/100 ml. The highest recorded
concentration for Sandsprit Park was also in June 2016, at 90 CFU/100 ml. In contrast to
the SLE sites, Stuart Sandbar, located in the SIRL, consistently showed enterococci levels
well within the good range except in April 2016 when enterococci were 62 CFU/100 ml.
Overall, enterococci concentrations at East Bessey Creek varied between good and
moderate such as those at Sandsprit Park. A Tukey HSD post-hoc test revealed that
enterococci at East Bessey Creek and Sandsprit Park were not significantly different. The
concentrations at Leighton Park were above 71 CFU per 100 ml water from February to
October. The concentrations at Roosevelt Bridge behaved similarly to Leighton Park, but
were considered moderate in May and October rather than poor. The post-hoc test revealed
that enterococci at Leighton Park and Roosevelt Bridge were not significantly different.
Enterococci levels at Sandsprit Park were poor only in April and June. The levels measured
at Stuart Sandbar were consistently lower than those at the other four sites. The post-hoc
test also revealed that enterococci at Sandsprit Park and Stuart Sandbar were not
significantly different.
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Enterococci Levels in Environmental Water 2016-2017

Colony Forming Units per 100 ml
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Figure 3: Enterococci (CFU/100 ml) at each of the study sites during each month throughout the
one-year monitoring period.

Figure 4: Enterococci (CFU/100 ml) at each of the study sites (BC = Bessey Creek, LP =
Leighton Park, RB = Roosevelt Bridge, SB = Stuart Sandbar, SP = Sandsprit Park).
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Rainfall and temperature data were obtained from the Indian River Lagoon
Observatory Network (IRLON) of Land/Ocean Biochemical Observatory (LOBO) sensors
located in the SLE and SIRL. Data collected from the IRLON LOBO sensor unit in the
middle of the SLE (SLE-ME) was used in statistical analyses as there was little variation
between these data and those collected by the North Fork, South Fork, and IRL-SLE sensor
units. A Spearman’s Rank test showed that enterococci levels are significantly correlated
with total rainfall (rs=0.379, p=0.015). The correlation with temperature was not
significant. A Kendall-Theil regression confirmed that enterococci are significantly
correlated with rainfall (R2=null; p=0.033). This result (positive correlation) supports the
second hypothesis (H2) that enterococci concentrations will be correlated with monthly
rainfall totals.
The same bar graph from Figure 3 was overlaid with 30-day rainfall totals as a line
connecting data points represented as circular markers (Figure 5). Enterococci and rainfall
are shown as a scatter plot with a best fit line generated from the regression in Figure 6.
February, May, June, August, September, and October were the rainiest months of 2016.
Total rainfall measurements were particularly high in February at 234.6 mm, May at 252.3
mm, and August at 202.7 mm. Rainfall totals were lowest in November and December
2016 at 9.3 mm and 17.2 mm, respectively, as well as in January 2017 at 15.3 mm.
Enterococci levels were higher during months with increased rainfall when compared to
months with decreased rainfall. The Tukey HSD post-hoc test did not show significant
differences in enterococci among the rainy months or among the dry months; however, it
showed significant differences in enterococci between the rainy and dry months. The most
significantly different sets of months were June 2016 and January 2017 (p=0.000),
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followed by April and November 2016 (p=0.000). Although May was the rainiest month
and November was the driest month of the year, enterococci at the two months were not
significantly different.

1.00E+03

1.00E+03

1.00E+02

1.00E+02

1.00E+01

1.00E+01

1.00E+00

1.00E+00
Feb Mar Apr May Jun

E Bessey Creek
Sandsprit Park

Jul

Aug Sep Oct Nov Dec Jan

Leighton Park
Stuart Sandbar

Roosevelt Bridge
Rainfall

Figure 5: Enterococci (CFU/100 ml) and the total rainfall (mm) measured in the SLE.
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30-Day Rainfall Sum in mm

Colony Forming Units per 100 ml

Enterococci Levels and Total Rainfall

Figure 6: Enterococci (CFU/100 ml) increase with increased rainfall (mm) in the SLE.

Canal flow data was obtained for the three drainage canals (C-23, C-24, and C-44)
from the South Florida Water Management District’s DBHYDRO monitoring stations
(S48, S49, and S80). Spearman’s Rank tests showed that enterococci levels are
significantly correlated with canal flows (rs=0.362, p=0.024 for C-23; rs=0.375, p=0.017
for C-24; rs=0.369, p=0.012 for C-44). In Figure 7, canal flow in cubic feet per second (cfs)
is shown as a line connecting monthly means represented as markers with a different shape
for each canal. Freshwater discharges from the C-44 Canal (diamond) exceeded 1,100 cfs
during February, March, April, June, September, and October. Discharges from the C-24
(square) and the C-23 (triangle) varied from over 700 to less than 70 cfs during the same
months. A peak of about 2597 cfs was recorded in March for C-44, whereas the largest
volumes of water for C-24 and C-23 were observed in February at approximately 798 cfs
and 729 cfs, respectively. In months with less rainfall such as March, April, and July, canal
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flows and enterococci concentrations remained relatively high. The C-44 Canal, which is
connected to the South Fork of the SLE, appeared to have the greatest influence on
Leighton Park and Roosevelt Bridge. The other two drainage canals, connected to the North
Fork, appeared to affect East Bessey Creek the most in June. Flows from all three canals
dropped off in November 2016 to January 2017, which was similar to the observed rainfall
patterns.

Enterococci Levels and Canal Discharges
1.00E+04

1.00E+03
1.00E+02
1.00E+02
1.00E+01
1.00E+01

1.00E+00

30-Day Mean Canal Flows in cfs

Colony Forming Units per 100 mL

1.00E+03

1.00E+00
Feb Mar Apr May Jun

Jul Aug Sep Oct Nov Dec Jan

E Bessey Creek

Leighton Park

Roosevelt Bridge

Sandsprit Park

Stuart Sandbar

C-44 (S80)

C-24 (S49)

C-23 (S48)

Figure 7: Enterococci (CFU/100 ml) and mean canal flows (cfs) from each drainage canal.

A trend of decreasing enterococci along an increasing salinity gradient is apparent
in Figure 6. Each of the five study sites is represented by a different shape on the graph,
whereas each month is designated as a different color. A Spearman’s Rank test showed
that enterococci levels are significantly correlated with salinity (rs=-0.795, p=2.87E-13). A
Kendall-Theil regression confirmed that enterococci are significantly correlated with
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salinity (R2=null; p=5.72E-11). This result (negative correlation) supports the fourth
hypothesis (H4) that enterococci concentrations will be correlated with salinity.
Enterococci levels were typically higher at study sites with salinities that consistently
ranged from 0 to 15 ppt, while enterococci levels were lower at study sites with salinities
that ranged from 15 to 35 ppt. The sites that were characteristic of lower salinities
throughout the monitoring period are East Bessey Creek, Leighton Park, and Roosevelt
Bridge, whereas the sites with higher salinities were Sandsprit Park and Stuart Sandbar.
Out of all five sites, Leighton Park often had the highest enterococci concentrations with a
mean of ~118 CFU/100 ml and lowest salinity with a mean of 4.8 ppt. In contrast, Stuart
Sandbar often had the lowest enterococci concentrations with a mean of ~11.8 CFU/100
ml and highest salinity with a mean of 32 ppt.
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Figure 8: Enterococci (CFU/ml) decrease with increased salinity (ppt).
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3.2 qPCR Standard Curve Model and Performance
A standard curve model was generated for the human-associated Bacteroides
HF183 qPCR assay with a dilution series of reference DNA at known concentrations, as
described in the Methods section. It has been recommended that uniform qPCR
performance should be accomplished by using standardized lab protocols and complying
with accepted performance metrics such as E, R2, LLOQ, among others (Shanks et al.,
2016). In order to ensure that the human-associated marker can be accurately detected in
fecal and environmental samples, qPCR performance was evaluated using the standard
curve. Proficiency of the HF183/BacR287 qPCR assay based on mean performance metrics
from three consecutive instrument runs is summarized in Table 4. The mean qPCR
performance parameters (E, slope, and R2) were achieved within the acceptable ranges for
accurate data interpretation. The amplification efficiency (E) was 91%, which is within the
desired range of 90-110% and corresponds with a slope of -3.55, which is within the
acceptable bounds of -3.1 and -3.6. The y-intercept was reported to meet the MIQE qPCR
guidelines (Bustin et al., 2009). The correlation coefficient (R2) was 0.99, which is between
0.98 and 1.0 and indicates that the data tightly fit the standard curve.
The lower limit of quantification (LLOQ) was calculated from the reference DNA
and designated as the upper bound of the 95% confidence interval from repeated
measurements of 102 gene copies per 5 µl reaction DNA standard dilutions. The
quantification threshold cycle (Cq) at which the 100 copy per reaction standard amplified
was 37.3 out of 40 PCR cycles, which occurred approximately one cycle later than the
published Cq of 36.3 for the LLOQ (Shanks et al., 2016). Samples that amplified below the
LLOQ (or at a higher Cq) were considered detectable (positive), but not reliably
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quantifiable. There was a consistent inability to detect the 10 copy per reaction standard,
although the assay was initially designed to quantify as low as 10 gene copies with 95%
confidence (Green et al., 2014; Shanks et al., 2016). The mean range of quantification with
associated Cq values is displayed as a box-whisker plot in Figure 7. The dynamic range of
quantification for the assay was 102 to 107 gene copies/5 µl reaction with standard DNA.
These results show that the human-associated assay is consistent between instrument runs
and yields high-quality reproducible data. The standard curve model and specified qPCR
performance metrics were used to interpret quantification data from all subsequent
instrument runs.

HF183/BacR287 qPCR Performance Metrics
Parameter

Value

Slope

-3.55

Intercept

44.6

E

91%

R2

0.99

LLOQ

37.3 Cq

Table 4: Mean performance of the standard curve model.
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HF183/BacR287 Range of Quantification

Figure 9: The range of quantification of HF183/BacR287 (102 to 107 gene copies/5 µl reaction)
with corresponding quantification threshold cycles (Cq).

3.3 MLOD and MLOQ
The method limit of detection and method limit of quantification of the humanassociated qPCR assay were determined with DNA extracted in triplicate from two types
of human fecal sources (human septic tank effluent and untreated wastewater) serially
diluted in sterile PBS. Sensitivity, or the overall ability to detect the MST marker when the
human fecal source is present at known concentrations, was evaluated with respect to
dilution of the human fecal source to relate LOD to the proficiency of the qPCR assay for
application in different environments and thereby interpret its usefulness (Staley et al.,
2012). All human source samples (n=7) were positive for HF183/BacR287, and number of
gene copies per 5 µl reaction with the indicated dilution are listed in Table 5. The MLOD for
each human source sample is demonstrated as the lowest dilution of extracted DNA that
could be reliably detected, which was assigned when at least two of triplicate reactions of
each DNA replicate amplified with a Cq standard deviation of <1 among replicates. The
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MLOQ for each sample was the lowest dilution that yielded reliably quantifiable results,
which was verified when triplicate reactions of each DNA replicate amplified with a Cq
standard deviation of <1 among replicates.
Most samples had an MLOD about an order of magnitude below the MLOQ. The MLOD
for the human-associated qPCR assay in all human source samples was at the 10-4 dilution
of DNA, with the exception of Septic Effluent 2 and Septic Effluent 3. The MLOD was
higher (less dilution was required to dilute the signal to extinction) in these samples, as
HF183/BacR287 was detectable at the 10-3 and 10-2 dilutions, respectively. Although the
extent to which the human-associated marker could be diluted and still detectable in the
samples differed from the remaining samples by up to two orders of magnitude, the marker
concentrations estimated at the MLOQ were on the order of 102 gene copies per reaction.
Among all of the human source samples, the MLOQ for HF183/BacR287 observed at the 103

dilution in Wastewater 3 had the lowest quantifiable marker concentration (4.08 x 102

gene copies per reaction). Overall, the wastewater samples produced more consistent
results compared to the septic effluent samples and the marker could be detected an order
of magnitude below the MLOQ.
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Number of Gene Copies per Reaction (5 µl) with Indicated Dilution
Sample
(Date)

100

10-1

10-2

MLOD

10-3

Mean

SD

Mean

SD

Mean

SD

Mean

SD

SE 1
(5/30/17)

1.92
x 105

1.42
x 105

8.42
x 104

6.61
x 104

9.54
x 103

7.21
x 103

8.28
x 102

5.65
x 102

SE 2
(6/8/17)

5.94
x 103

7.76
x 103

2.51
x 103

3.08
x 103

2.82
x 102

2.66
x 102

SE 3
(6/29/17)

1.60
x 103

3.39
x 102

5.40
x 102

1.71
x 102

WW 1
(7/26/17)

2.03
x 105

9.20
x 104

9.18
x 104

4.34
x 104

9.42
x 103

3.33
x 103

6.35
x 102

9.44
x 101

10-4

WW 2
(8/14/17)

1.96
x 105

8.50
x 104

6.27
x 104

1.62
x 104

8.56
x 103

3.52
x 103

4.62
x 102

1.05
x 102

10-4

WW 3
(8/15/17)

1.38
x 105

7.90
x 104

4.74
x 104

1.63
x 104

5.31
x 103

5.02
x 102

4.08
x 102

6.19
x 101

10-4

WW 4
(8/16/17)

1.94
x 105

7.68
x 104

9.82
x 104

3.71
x 104

1.20
x 104

5.37
x 103

9.98
x 102

4.30
x 102

10-4

Not
Quantifiable

10-4

Not
Quantifiable

10-3

Not
Quantifiable

10-2

Table 5: MLOD, MLOQ and mean concentrations of HF183/BacR287 in DNA extracted from
human fecal source samples (SE=Septic Effluent; WW=Wastewater) and diluted in sterile PBS.
The MLOD is the lowest dilution at which the marker was amplified in at least two replicates. The
mean values listed with the lowest dilution represent the MLOQ.

The estimated number of gene copies per 100 ml of septic tank effluent and
wastewater, calculated as the mean marker concentrations in undiluted (100) human source
samples, are shown in Figure 8. The lighter colored bars represent marker concentrations
in septic effluent and darker colored bars represent those in wastewater. The error bars
convey standard error among replicates. While samples SE 1, WW 1, WW 2, WW 3, and
WW 4 exhibit concentrations on the order of 107 gene copies per 100 ml, samples SE 2 and
SE 3 show concentrations on the order of 105.
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Estimated Number of Gene Copies per 100 ml

Concentration of HF183/BacR287 in Human Fecal Sources
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
SE 1

SE 2

SE 3

WW 1
WW 2
Source Type

WW 3

WW 4

Figure 10: Estimated number of gene copies/100 ml of human septic tank effluent (SE) and
wastewater (WW) were calculated as the mean concentrations in undiluted samples.

3.4 PLOD and PLOQ
The process limit of detection and process limit of quantification for the humanassociated qPCR assay were determined using a diverse array of environmental water
samples (freshwater, estuarine, and marine) spiked with known concentrations of human
fecal sources (septic tank effluent and untreated wastewater). Aliquots from serially diluted
(100 to 10-6) septic effluent or wastewater were added to the environmental water samples,
as described in the Methods. Unaltered environmental water samples collected from Timer
Powers Park (along the C-44 Canal), Roosevelt Bridge (middle of the SLE), Sandsprit Park
(end of SLE and entrance of SIRL), or Bathtub Reef Beach (outside the St. Lucie Inlet)
were processed for enterococci enumeration, and DNA was extracted for background
marker concentrations. Table 6 includes enterococci levels at each site, which ranged on
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the order of 100 CFU per 100 ml at Bathtub Reef Beach to 103 CFU per 100 ml at Timer
Powers Park, as well as salinity. None of the samples were positive for HF183/BacR287
prior to the addition of human source samples, even though the C-44 Canal had levels of
enterococci on the order of 103 CFU/100 ml. The number of gene copies per 5 µl reaction
in spiked samples along with the dilution factor are listed in Table 6. The PLOD for each
water and human fecal source mixture is shown as the lowest dilution at which the marker
could still be detected, and the PLOQ was the lowest dilution at which the marker could be
quantified with reasonable certainty. The PLOD happened to also qualify as the PLOQ for
each of the spiked samples.
Quantifiable

concentrations

of

HF183/BacR287

were

observed

in

all

environmental water samples spiked with undiluted human source sample, constituting a
10-2 dilution factor (5 ml sample diluted in 500 ml water for Bathtub Reef Beach and
Sandsprit Park, or 3 ml sample diluted in 300 ml water for Timer Powers Park and
Roosevelt Bridge). The PLODs and PLOQs for the human fecal source samples ranged from
10-2 to 10-4 dilutions, with the most consistent results produced by the Bathtub Reef Beach
samples regardless of the type of human fecal source. The marker was quantifiable in
Bathtub Reef Beach and Sandsprit Park water samples spiked with 10-1 diluted septic
effluent, representing a 10-3 dilution factor, as well as in Roosevelt Bridge water samples
spiked with wastewater at the same dilution. The marker was quantifiable in Timer Powers
Park and Sandsprit Park water samples spiked with 10-2 diluted wastewater (at the 10-4
dilution factor). The lowest quantifiable concentration of HF183/BacR287 was 6.05 x 101
gene copies per reaction at the 10-4 dilution factor in canal water amended with wastewater.
The dilutions at which the marker became undetectable and unquantifiable varied up to
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100-fold in water samples amended with the same type of human fecal source as well as
among sites and between sampling dates. In general, the type of human fecal source seemed
to have more of an effect on HF183/BacR287 detection results than did the type of
environmental water.

Site

Timer
Powers
Park

Roosevelt
Bridge

Sandsprit
Park

Bathtub
Reef
Beach

Sample
(Date)

Salinity
(ppt)

Enterococci
(CFU/100
ml)

SE 3
(6/29/17)

0

WW 3
(8/15/17)

PLOQ
Gene Copies
(5 µl
reaction)

Dilution
Factor

2.0 x 103

3.57 x 102

10-2

10-2

0

6.6 x 102

6.05 x 101

10-4

10-4

SE 3
(6/29/17)

7

4.9 x 101

3.32 x 102

10-2

10-2

WW 3
(8/15/17)

5

6.7 x 101

1.94 x 103

10-3

10-3

SE 2
(6/8/17)

32

4.6 x 101

4.36 x 102

10-3

10-3

WW 2
(8/14/17)

26

1.4 x 101

3.25 x 103

10-4

10-4

SE 2
(6/8/17)

36

2 x 100

4.92 x 102

10-3

10-3

WW 2
(8/14/17)

36

2 x 100

1.29 x 103

10-3

10-3

PLOD

Table 6: PLOD, PLOQ and concentrations of HF183/BacR287 in environmental water spiked with
human fecal source samples. The lowest concentration (number of gene copies per reaction)
detected at each site is shown at the lowest dilution quantifiable. Collection dates correspond to
those for the human fecal source samples.
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3.5 Sensitivity and Specificity
The sensitivity, or true-positive rate, and specificity, or proportion of truenegatives, were established for the human-associated qPCR assay using locally collected
fecal samples from the target host (n=7 human sources) and non-target hosts (n=35 animal
sources). It was important to determine the host specificity of the MST marker, as this
qPCR assay was not developed in Florida and species-associated fecal bacterial
communities may vary across geographic regions (Harwood et al., 2014; Symonds et al.,
2017). Sensitivity and specificity percentages are displayed with the upper and lower
Jeffrey’s confidence interval in Table 7. The HF183/BacR287 assay demonstrated an
overall sensitivity of 100% to human fecal source samples, and specificity of 97% against
cow, horse, goat, pig, chicken, cat, and dog fecal material. Cross-reactivity, or detectable
target amplification, was observed below the LLOQ in a single deer sample.

Human Fecal
Source
Septic
Effluent,
Wastewater

Sensitivity

Specificity

LCI
%

%

UCI
%

LCI
%

%

UCI
%

70.8

100

100.0

87.4

97

99.7

Non-target
Fecal Source
(No. Positive)

Deer (1)

Table 7: The sensitivity (%) and specificity (%) of the human-associated qPCR assay. The upper
(U) and lower (L) Jeffrey’s confidence interval (CI) is reported.

3.6 qPCR Use in the SLE and SIRL
Following complete validation of the human-associated HF183 Bacteroides qPCR
assay, it was used to screen DNA extracted from water samples collected at the five
studysites throughout the St. Lucie Estuary and southern Indian River Lagoon in March,
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June, September, and December 2016. Positive controls containing DNA extracted from
wastewater were included with each qPCR run. The HF183/BacR287 marker was not
detected or quantified in any of the environmental water samples.
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4. DISCUSSION
Coastal estuaries such as the St. Lucie Estuary and Indian River Lagoon are
vulnerable to fecal bacterial contamination contributed by a multitude of sources not
limited to those of anthropogenic and agricultural origin. Human-derived fecal pollution is
particularly concerning in urban residential communities along these recreational
waterbodies, as there is an epidemiological link between swimmer gastrointestinal illness
and high concentrations of enterococci. Studies in the SLE and SIRL carried out by
researchers, environmental agencies, and health departments have found increased enteric
bacterial levels in areas that have high densities of septic tank systems and frequently
undergo hydrological fluctuations. This environmental water quality study investigated
fecal pollution by incorporating traditional cultivation and microbial source tracking in
these waterbodies.
The first research objective was to assess the occurrence and distribution of
enterococci in surface waters using U.S. EPA standardized cultivation methods.
Throughout the one-year monitoring period, enterococci levels varied among study sites
and sampling months. The sites that consistently exhibited high concentrations considered
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unsafe for swimming (above 71 CFU/100 ml) were Leighton Park, located in the South
Fork of the SLE, and Roosevelt Bridge, located in the middle of the estuary. In response to
the bacteriological conditions presented at these impaired sites, the Martin County
Department of Health maintained no-swimming advisories for almost the entire year of
2016. With the exception of February, the enterococci concentrations found at Leighton
Park surpassed those found at Roosevelt Bridge, which substantiates that the water quality
at Leighton Park is very poor and should be continually monitored by the MCDOH in order
to protect public health. It was initially expected that enterococci concentrations at East
Bessey Creek, located in the North Fork, would be similar to those found at Leighton Park
because of the close proximity to relief canals; however, they were more similar to those
found at Sandsprit Park, located at the end of the SLE and entrance of the SIRL. These
findings agree with a study conducted in the SLE in 2005 (Lapointe et al., 2012), which
demonstrated that enterococci levels were twofold higher in the South Fork in comparison
to the North Fork and the middle estuary. It is possible that the larger size of the North
Fork allows for better tidal flushing than the South Fork, which is narrower and often has
water quality more comparable to that of a freshwater canal than a brackish estuary. In
contrast to the SLE sites, Stuart Sandbar, located by the St. Lucie Inlet in the SIRL,
consistently exhibited low enterococci levels within the good range for recreational water
quality. It was generally predicted that Stuart Sandbar would contain the least number of
enterococci due to direct tidal exchange from the ocean inlet, followed by Sandsprit Park
due to mixing with the SIRL. Publicly accessible data provided by the MCDOH also
corroborated that enterococci are typically highest at Leighton Park and lowest at Stuart
Sandbar (Florida Department of Health, 2001).

47

Previous work in the SLE found that elevated levels of fecal indicator bacteria often
occur in freshwater impacted areas with low salinities following heavy rainfall and storms
(Solo-Gabrielle et al., 2008; Ortega et al., 2009; Lapointe et al., 2012; Lapointe et al.,
2015). In this study, a two-way ANOVA showed that there was a significant effect for
study site on enterococci and for sample month on enterococci. Results supported the first
hypothesis that enterococci would differ among months and third hypothesis that
enterococci would differ among sites, but the exact seasonal influences and site
characteristics responsible for this significance remain unknown. To analyze the impacts
of rainfall, canal drainage, and salinity on enterococci concentrations, Spearman’s Rank
tests of the data generated by this project were performed. Results indicated that
enterococci concentrations were significantly correlated with 30-day rainfall totals, mean
canal flows, and salinity. Kendall-Theil Sen Siegel non-parametric linear regressions
confirmed that there is a significant positive correlation between enterococci and rainfall,
as well as a significant negative correlation between enterococci and salinity. These
findings suggest that rainfall, canal flows, and salinity influence the dispersal of
enterococci in the SLE.
Results supported the second hypothesis that enterococci would correlate with
rainfall and the fourth hypothesis that enterococci would correlate with salinity.
Differences in rainfall measurements may explain the differences in enterococci
concentrations among months, as stormwater runoff often contains fecal contaminants
(Boehm and Sassoubre, 2014). In addition, rainfall can increase ground water levels, which
is detrimental in districts using septic tank systems (Lapointe et al., 2012; Lapointe et al.,
2015; Lapointe et al., 2017). Relief canals may add to fecal pollution by transporting

48

stormwater discharges, and have been shown to periodically exacerbate concentrations of
enterococci and fecal coliforms in the SLE (Solo-Gabrielle et al., 2008; Ortega et al., 2009;
Lapointe et al., 2012; Lapointe et al., 2015). Salinity was a useful proxy for freshwater
impact and site location, as enterococci decreased along an increasing salinity gradient. A
recent study in 2015 (Lapointe et al., 2017) demonstrated that enterococci decreased from
Leighton Park to Stuart Sandbar, suggesting that the majority of the fecal loadings may
arise in the SLE watershed. It is possible that the enterococci are diluted as they are flushed
out to the Atlantic Ocean with tidal exchange, and may experience inactivation (loss of
viability) or death caused by stress from being subjected to such extreme salinity changes
(Boehm et al., 2005; Boehm and Sassoubre, 2014). A combination of many different
factors likely contributes to this trend.
Although enterococci were consistently recovered from water samples throughout
the monitoring period, the sources of these enteric bacteria have not yet been revealed. The
second research objective of this study was to validate the performance of the humanassociated Bacteroides HF183 qPCR assay to ensure its efficacy in the SLE and SIRL.
Sensitivity was established on three distinct levels (LLOQ, MLOD, PLOD). The MLOD for
HF183/BacR287 was up to 100-fold more sensitive for the untreated municipal wastewater
than the septic tank effluent. The marker was reliably quantified in wastewater at a dilution
that was 10-fold lower than the MLOQ described for the former version of the assay in an
MST validation study (Staley et al., 2012). The MLOQ for HF183/BacR287 in all samples
was on the order of 102 gene copies/5 µl reaction, which was about an order of magnitude
greater than the value that was previously established (Staley et al., 2012). Concentrations
of HF183/BacR287 in wastewater were on the order of 107 gene copies per 100 ml and
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were similar to the range reported for the marker in wastewater (107 to 108 gene copies/100
ml) (Staley et al., 2012). It was initially expected that septic tank effluent would yield more
sensitive results compared to wastewater due to the short route from home to tank. In
addition, it has been approximated that only 15% of the bacteria in wastewater originates
from human fecal waste (Wanjugi et al., 2016). In this case, it is probable that the marker
was more uniform in the wastewater because the wastewater was collected from the same
WWTF, whereas the septic tank effluent was sampled from three individual septic tank
systems. There are many physical and chemical stressors that can cause shifts in the fecal
bacterial community structure and decomposition rates (Wanjugi et al., 2016).
Inconsistencies in Bacteroides HF183 may be attributed differences in the number of
people who produced the waste, mixing, residence time, dilution at the source, and
chemical treatments, among other factors.
Performance of the human-associated assay was evaluated in different coastal
waters ranging from fresh to marine. The PLODs and PLOQs varied by one to two orders of
magnitude depending on the type of environmental water and human fecal source used to
spike the sample. As shown with the method LOD, the PLOD for HF183/BacR287 was up
to 100-fold more sensitive in environmental water samples amended with wastewater than
in those amended with septic tank effluent. The marker was reliably quantified in samples
spiked with wastewater at a dilution that was 10-fold greater than the PLOQ described for
the earlier version of the assay (Staley et al., 2012). Marine water from Bathtub Reef Beach
yielded the most consistent results regardless of the human fecal source, whereas
freshwater from Timer Powers Park produced the largest variation between spiking events.
While variation among sites was expected due to water composition, the concentration of
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HF183/BacR287 in each human fecal source had a more obvious effect on the results. This
variation was comparable to that observed in coastal and inland water samples that were
collected on the West coast of Florida and spiked with wastewater (Staley et al., 2012). It
is possible that differences in concentrations of HF183/BacR287 in human fecal source
samples may have influenced variability and that there are fewer PCR inhibitors associated
with marine water in contrast to freshwater. Overall, the human-associated qPCR assay
was proven useful across dissimilar waters in the SLE and SIRL, but it may be better suited
for detecting contamination caused by sewer systems rather than septic systems.
Human-associated Bacteroides HF183 was established as 97% specific against
cow, horse, goat, pig, chicken, cat, and dog fecal material. Cross-reactivity was observed
in a deer sample; however, this result was expected since HF183 has been shown to crossreact with deer, bird, and dog samples in other MST studies (Staley et al., 2012; Harwood
et al., 2014). The overall sensitivity was established as 100% sensitive to human fecal
source samples because it was detected in all human-derived samples, which was the same
sensitivity described for HF183 in a recent study (Symonds et al., 2017). These results
indicated that the human-associated qPCR assay is specific and sensitive enough to be
employed in the SLE and SIRL.
Finally, results did not support the fifth hypothesis that the human-associated
HF183 Bacteroides marker would be detected at study sites that consistently exhibit
elevated enterococci concentrations: Water samples collected in March, June, September,
and October from East Bessey Creek, Leighton Park, Roosevelt Bridge, Sandsprit Park,
and Stuart Sandbar were negative for HF183/BacR287. It was predicted that the marker
would be detected at Leighton Park and Roosevelt Bridge due to high enterococci levels.
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In addition, the older version of HF183 was previously detected in surface waters adjacent
to the All American Ditch Subdivision (FDEP, 2014), which utilizes septic tank systems
and is located nearby Leighton Park. The former HF183 marker was also detected in waters
adjacent to the Golden Gate Subdivision (FDEP, 2014), which is near Sandsprit Park. It is
possible that most of the enterococci at the SLE and SIRL sites in this study were derived
from non-human sources of fecal material, however, there are other confounding factors
that cannot be ruled out. Two such factors are: that the marker may not have been detected
in these quarterly samples because it was present at levels below the limit of detection (the
signal was diluted to extinction); or that the signal may have been inhibited by constituents
of the water.
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5. CONCLUSIONS
This study provides pertinent information with regard to the spread of fecal
pollution in the SLE and SIRL, as well as offers guidance for comprehensive water quality
assessment through the application of both traditional cultivation and molecular
techniques. Frequent recovery of enterococci from surface waters at concentrations higher
than those recommended for recreational activities is interpreted as evidence of deficient
water quality. This study showed that the numbers of enteric bacteria present in a water
samples correlated with rainfall and salinity during the monitoring period; the number of
enterococci was reduced during months of increased rainfall and elevated in areas with
lowsalinity. However, it was not possible to delineate all of the factors that influence the
distribution and occurrence of enterococci in such an intricate and dynamic estuarine
system. Traditional cultivation allows an estimation of the presence of fecal bacteria, but
the limitations associated with this method include the inability to discern among polluting
sources. This severe limitation may override its practical application when there is cooccurring input from anthropogenic, agricultural, and wildlife sources.
This is the first study to attempt microbial source tracking in surface waters
throughout the SLE and SIRL using the latest improvement of the human-associated
Bacteroides HF183 qPCR assay. The performance of the assay was rigorously validated
for human sewage with respect to efficiency, sensitivity, and specificity, by adhering to
well-defined criteria for qPCR quality assurance and reproducibility. This study showed
that the HF183/BacR287 marker can be accurately quantified in two types of human fecal
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sources, but with a sensitivity threshold require two orders of magnitude more copies in
septic effluent as opposed to treatment plant sewage. For either human fecal sources type,
the HF183 assay’s sensitivity was consistent in a variety coastal waters that were artificially
contaminated with human fecal waste. The marker was not, however, detected in water
samples collected during the study period. This may suggest that fecal pollution indicated
by the enterococci present in these waters was derived from a non-human source, but this
cannot be stated conclusively because the marker is likely present below the limit of
detection or the signal is inhibited. It should be noted that the human-associated assay may
be a suitable test for areas throughout the Indian River Lagoon that are known to be affected
by sewage spills from wastewater treatment plants.
As the field of MST matures, it is clear that scientists and environmental protection
agencies are moving away from traditional cultivation and towards the adoption of
standardized qPCR methods in order to achieve more relevant and rapid results. Resource
managers ordinarily have restricted funding and must select the most appropriate method
for detecting fecal contaminants in a given waterbody (Staley et al. 2012), thus cost and
benefits of the available options should be weighed carefully. Standard cultivation is a
relatively cheap and reliable method for smaller laboratories that are less equipped for
qPCR, but does not provide the information necessary for improvement of management
strategies. Microbial source tracking techniques are more expensive and can be challenging
to validate for less experienced laboratory technicians, but provide the detailed evidence
required for comprehensive water quality assessments and public protection. This study
serves as a simple baseline for the combination of cultivation and adapted MST methods
in the SLE and SIRL. Future research into these recreational hotspots is required to better

54

understand mechanisms involved in the dispersal of fecal bacterial pollution, to identify
the main polluting sources, and to help make informed resource management decisions
concerning human and ecosystem health. A suite of host-associated markers including
other leading human markers such as HumM2 Bacteroides (Shanks et al., 2009; Shanks et
al. Green 2014; Shanks et al., 2016), and animal markers such as CowM2 Bacteroides
(Shanks et al., 2008) for cattle and GFD Helicobacter spp. (Green et al., 2012) for seabirds,
should be investigated for a diagnostic toolbox approach. In tandem with this approach,
internal amplification controls should be used to verify that qPCR inhibition is not an issue
when interpreting data. Inhibition can be caused by interference from compounds that
persist in DNA extracts after purification (Shanks et al., 2016). It is examined by addingto
each reaction a known amount of synthetic DNA construct with the target sequence that
has the same forward and reverse primer recognition sequences as the target, but a different
probe recognition sequence than the target (Shanks et al., 2016).
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