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Before new, rapid quantitative PCR (qPCR) methods for assessment of recreational water quality and microbial source tracking
(MST) can be useful in a regulatory context, an understanding of the ability of the method to detect a DNA target (marker) when
the contaminant source has been diluted in environmental waters is needed. This study determined the limits of detection and
quantification of the human-associated Bacteroides sp. (HF183) and human polyomavirus (HPyV) qPCR methods for sewage
diluted in buffer and in five ambient, Florida water types (estuarine, marine, tannic, lake, and river). HF183 was quantifiable in
sewage diluted up to 10�6 in 500-ml ambient-water samples, but HPyVs were not quantifiable in dilutions of >10�4. Specificity,
which was assessed using fecal composites from dogs, birds, and cattle, was 100% for HPyVs and 81% for HF183. Quantitative
microbial risk assessment (QMRA) estimated the possible norovirus levels in sewage and the human health risk at various sew-
age dilutions. When juxtaposed with the MST marker detection limits, the QMRA analysis revealed that HF183 was detectable
when the modeled risk of gastrointestinal (GI) illness was at or below the benchmark of 10 illnesses per 1,000 exposures, but the
HPyV method was generally not sensitive enough to detect potential health risks at the 0.01 threshold for frequency of illness.
The tradeoff between sensitivity and specificity in the MST methods indicates that HF183 data should be interpreted judiciously,
preferably in conjunction with a more host-specific marker, and that better methods of concentrating HPyVs from environmen-
tal waters are needed if this method is to be useful in a watershed management or monitoring context.

Fecal indicator bacteria (FIB), including fecal coliforms, Esche-
richia coli, and enterococci, have been approved indicators of

sewage contamination in recreational waters for decades (49, 51).
Swimmers exposed to waters contaminated with sewage are at a
greater risk of infection by human pathogens, and subsequent
gastrointestinal or other illnesses, than those exposed to unim-
pacted waters (57). The use of FIB to detect sewage contamina-
tion, however, relies on the assumptions that elevated FIB concen-
trations are representative of pathogen presence and that the fate
of these bacteria mimics that of pathogens. Unfortunately, previ-
ous studies have shown that concentrations of FIB do not neces-
sarily correlate well with bacterial, protozoan, and viral pathogens
(2, 20).

To address the limitations of FIB, microbial source tracking
(MST) methods have been developed to identify human fecal con-
tamination (e.g., sewage) in recreational waters (7, 32). These
methods are culture independent and are therefore more rapid
than FIB methodologies that require a culture step. The potential
for same-day results provides the possibility of advisories that re-
flect current conditions, rather than day-old ones, which allows
more-immediate action to protect against public health risks
posed by recreational water use (12, 56). The selection of MST
markers represents a significant concern for resource managers,
which has led to the establishment of uniform performance char-
acteristics by which MST markers are evaluated. These character-
istics include the method’s sensitivity to various forms of human
fecal contamination (i.e., sewer and septic), specificity against
nontarget fecal sources, and limit of detection in environmental
waters (43). The performance of several human-associated MST
markers has been evaluated previously using these criteria in

coastal waters to determine which markers are most representa-
tive of sewage contamination (16, 18).

An initial limitation of MST methods was the use of conven-
tional endpoint PCR, which allows for presence/absence determi-
nation but cannot estimate marker concentrations. Recently,
quantitative real-time PCR (qPCR) assays which allow for more
rapid detection of markers, as well as determination of their rela-
tive concentrations, have been developed (10, 33, 34). While the
performance of qPCR methods has been evaluated to some extent
with coastal waters (16), little work has been done with inland
waters, which are considerably smaller in scale and are likely to
have considerably different hydrological or physicochemical pa-
rameters that could affect qPCR method performance (11).

In this study, the HF183 marker for human-associated Bacte-
roides (34) and the marker for human polyomaviruses (HPyVs)
(33) were evaluated to determine their specificity and limits of
detection (LOD). These markers were selected as being among the
most promising MST markers for evaluation in inland waters
based on both the existing body of literature evaluating their use in
coastal waters and a high level of specificity for human fecal con-
tamination (19). The LOD for sewage spiked into samples was
determined both under ideal conditions, in sterile buffered water,
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and also in a variety of water types, including lake, river, tannic,
estuarine, and marine waters. These water types represent com-
plex matrices that potentially contain substances, such as humic
acids, which may prove inhibitory to the PCR, which could in turn
affect detection limits and produce artifacts, such as artificially low
estimates of DNA gene copies. Furthermore, a quantitative micro-
bial risk assessment (QMRA) was conducted to estimate the risk of
gastrointestinal (GI) illness for adults resulting from the ingestion
of diluted sewage, which was then linked to levels of MST markers
detected in diluted sewage.

MATERIALS AND METHODS
Limit terminology. For both the HF183 and HPyVs assays, a limit of
detection (LOD) and limit of quantification (LOQ) were determined.
Three distinct types of LOD for the qPCR methods were determined in
this study. The analytical limit of detection (ALOD) refers to the number of
gene copies that can reliably be detected in one qPCR. The method limit of
detection (MLOD) refers to the extent to which DNA extracted from sew-
age influent can be diluted and still be reliably detected by qPCR. MLOD

was determined in sterile buffered water. The process limit of detection
(PLOD) refers to the smallest volume of sewage that can be subjected to the
entire sample preparation process, from dilution in water and filtration
through DNA extraction (incorporating the loss of target associated with
these manipulations), and still be reliably detected by qPCR. PLOD was
determined for each of the ambient water types sampled for the study. The
LOD was determined as the concentration at which the target in a sample
can be detected (e.g., distinguished from a nondetect) with reasonable
certainty. In this study, we used the 95% confidence interval to establish
the analytical LOD and designated amplification in two of three replicates
(66% detection) as the cutoff for method and process LOD. The LOQ was
determined as the concentration at which a sample can be quantified with
reasonable precision, in this case when amplification was observed in
triplicate reactions with a threshold cycle (CT) standard deviation of �1
among all replicates.

Sample collection and processing for ALOD and MLOD testing. Un-
treated influent (sewage) was collected from the Falkenburg Advanced
Wastewater Treatment plant in Tampa, FL, on three separate dates for
determination of MLOD and PLOD. Samples were collected in sterile,
500-ml bottles and transported to the laboratory on ice. PLOD values were
determined over two consecutive days, and therefore the sewage sample
was stored at 4°C overnight and used again the following day.

The MLOD and MLOQ of each qPCR assay were determined in a simple
matrix. DNA was extracted in triplicate (three separate extractions) from
700 �l raw sewage, which was serially diluted 1:10 in sterile buffered water
(1) over 6 orders of magnitude. Undiluted and diluted DNA was then used
as the template for qPCRs to determine the dilution at which the signal
became nonquantitative and undetectable (see below for evaluation of
quantification and detection of samples).

Sample collection and testing for specificity. Fecal samples for spec-
ificity testing were collected from individual birds (seagulls, ducks, and
chickens), cattle, and dogs in the Tampa Bay area. Fresh fecal samples (still
moist) were collected using sterile tongue depressors. Ten to twenty-five
grams (wet weight) was collected from each dropping whenever possible
for dogs and cattle, and whole bird droppings were placed individually in
sterile, 50-ml conical tubes, which were transported to the laboratory on
ice and stored at �80°C until composite preparation. Composite samples
(n � 10 for birds; n � 11 for cattle and dogs) were prepared by combining
approximately 0.3-g samples from five individuals in one conical tube. In
total, feces of 50 birds, 55 cattle, and 55 dogs were represented in the
samples.

DNA from cattle and dog fecal samples used for specificity testing was
initially screened via conventional (presence/absence) PCR using the as-
say for general members of the Bacteroidales (6) and the bacterial 16S
rRNA gene (25) to verify that sufficient DNA of amplifiable quality was
present in the sample, as has been previously suggested (37). Bird fecal

samples were tested in the same way using a conventional PCR assay
targeting the 16S rRNA gene using the Eco8F-1492RC primer set (25),
since members of the Bacteroidales are not commonly found at high den-
sities in bird fecal samples (28, 29). Undiluted DNA, as well as 1:10 and
1:20 dilutions, was used as the template to ensure that negative outcomes
were not the result of inhibition. No amplification of the general Bacte-
roidales or 16S rRNA product was observed in 36% of cattle fecal compos-
ite samples; however, those samples produced amplicons from the 1:10
dilution, which was used for subsequent testing. All bird and dog fecal
samples yielded amplicons from undiluted template.

Ambient water sampling. Sampling sites included the highly tannic
Green Swamp (28°18=46.88�N, 82°3=21.17�W), Hillsborough River
(28°4=11.37�N, 82°22=39.06�W), Lake Carroll (28°2=45.37�N, 82°29=6.75�W),
the estuarine Bahia Beach (27°43=44.63�N, 82°28=35.63�W), and the marine
site Fort DeSoto, located on the Gulf of Mexico (27°37=1.43�N,
82°44=13.91�W) (Fig. 1). Grab samples of water were collected in sterile 2-liter
bottles (total, 6 liters per site) at each sampling site on two separate dates
(sample events) 2 weeks apart. Due to the distance between sites, sites were
split and sampled on consecutive dates for each sample event. The sampling
order was reversed for the second sample event to capture differences in the
limit of detection resulting from refrigeration of sewage. Samples were trans-
ported on ice to the laboratory within 4 h of sampling and were processed
within 2 h of receipt in the laboratory. Physicochemical parameters were also
measured at each site (see Table S1 in the supplemental material). In the field,
temperature, salinity, and pH were measured using an Oakton waterproof
multiparameter tester 35 (Oakton Instruments, Vernon Hills, IL), dissolved
oxygen was measured using a traceable portable dissolved oxygen meter
(Fisher Scientific, Waltham, MA), and turbidity was measured at the lab using
the DRT-15CE turbidimeter (HF Scientific, Fort Myers, FL). When salinity
exceeded 10‰ (the upper limit of the field instrument), it was also measured
in the lab using a handheld refractometer (Fisher handheld salinity refrac-
tometer with automatic temperature compensation; Fisher Scientific, Wal-
tham, MA).

Process limits of detection. The PLOD was determined to further de-
scribe method performance in environmental matrices and was estab-
lished by adding dilutions of sewage influent (see above) to ambient water,
which was then filtered, and DNA was extracted as described below. Sew-
age was diluted in 10-fold increments ranging from 100 to 10�7 in sterile
buffered water (total volume, 50 ml). Five-hundred-milliliter aliquots of
ambient water from each site were spiked with 5 ml of each point on the
sewage dilution series. An unamended, 500-ml aliquot of ambient water
was used to determine background levels of the markers. Samples were
processed as described previously (18) in order to capture HPyVs and
bacteria. Briefly, the pH of the sample was lowered to 3.5 using 20% HCl,
concentrated on a 0.45-�M-pore-size, 47-mm-diameter nitrocellulose
membrane (Thermo Fisher Scientific, Waltham, MA), and placed in a
PowerBead tube (MoBio Laboratories Inc., Carlsbad, CA). For each set of
samples, a field blank and method blank were also processed. The field
blank was a 500-ml sample of sterile buffered water which was carried on
the sampling trip. The method blank consisted of 500-ml sterile buffered
water. Both blanks were subjected to all methodological steps. Filters were
stored at �80°C for up to 1 week prior to DNA extraction (the procedure
is described below). To account for differences in qPCR method perfor-
mance resulting from differences among water types, the sample limits of
detection and quantification were then determined using the DNA ex-
tracted from these sewage-spiked environmental water samples.

DNA extraction and purification. Between 0.2 and 0.3 g of each com-
posite fecal sample was transferred to a PowerBead tube (MoBio Labora-
tories, Inc., Carlsbad, CA). DNA was extracted using the MoBio Power-
Soil DNA isolation kit with modification of the manufacturer’s
instructions, including the following: (i) bead beating for at 4.0 m · s�1

using a FastPrep FP120 cell disruptor (Thermo Savant, Waltham, MA)
and (ii) increasing the volumes of solutions C3, C4, and C5 to 285 �l, 1.6
ml, and 750 �l, respectively, to allow a larger portion of the supernatant to
be carried through each step of the extraction process. An extraction blank
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which was subjected to all steps in the DNA extraction but had no sample
material added was included in each set of DNA extractions.

DNA was extracted from each of three sewage samples (collected dur-
ing three sample events; see above) in triplicate by delivering 700 �l of
sewage directly into three separate PowerBead tubes (MoBio Laboratories
Inc., Carlsbad, CA) without filtration in order to determine the MLOD.
The same DNA extraction procedure as that described for fecal samples
was used, with one exception. For the raw sewage extraction, 62.5% of the
total supernatant (1 ml) was carried through the extraction following
addition of the C2 solution; for subsequent steps, all of the supernatant
was carried forward. The inability to carry over all of the supernatant was
taken into account when reporting results, such that measured concen-
trations were multiplied by 1.6, and therefore the data presented reflect
estimated concentrations presuming 100% of the sample was carried

through the extraction. An extraction blank was included whenever DNA
extraction was performed. See below (“Inhibition control”) for the sec-
ondary purification procedure used on some samples in which the qPCR
was inhibited.

PCR and qPCR. Primers and probes used in this study are shown in
Table 1 and were directed at genes encoding the following: (i) the 16S
rRNA of human-associated Bacteroides HF183 or (ii) the conserved T
antigen of human polyomaviruses BK and JC. Endpoint PCR methods for
bacterial 16S rRNA and a general group of the order Bacteroidales were
used as controls for inhibition for DNA extracted from fecal samples as
described above (6, 25). Primers were synthesized by Integrated DNA
Technologies (Coralville, IA) and rehydrated to a concentration of 100
�M in nuclease-free water, and probes (100 �M) were synthesized by
Applied Biosystems (Carlsbad, CA). Primer-probe mixes, including 7.68

FIG 1 Sampling sites used for determination of PLOD. Sites include Green Swamp (GS) (tannic water), Hillsborough River (HR) (river water), Lake Carroll (LC6)
(lake water), Bahia Beach (BB) (estuarine water), and Fort DeSoto (FD) (marine water). The most dilute PLOD values observed during the study are shown for
HPyVs and HF183. The map was generated by use of the Tampa Bay Water Atlas website (http://www.tampabay.wateratlas.usf.edu/).

TABLE 1 Primers and probes used for qPCR assays

Target Primer Sequence (5=–3=)a Reference

Human-associated Bacteroides 16S rRNA HF183 ATCATGAGTTCACATGTCCG 7
SSHBacR TACCCCGCCTACTATCTAATG 34
SSHBac-PRB (FAM)-TTAAAGGTATTTTCCGGTAGACGATGG-(TAMRA) 19

HPyV conserved T-antigen SM2 AGT CTT TAG GGT CTT CTA CCT TT 33
P6 GGT GCC AAC CTA TGG AAC AG 3
KGJ3 (FAM)-TCA TCA CTG GCA AAC AT-(MGBNFQ) 33

General Bacteroidales (GenBac) GenBacF3 GGGGTTCTGAGAGGAAGGT 30
GenBacR4 CCGTCATCCTTCACGCTACT 10
GenBacP2 (FAM)- CAATATTCCTCACTGCTGCCTCCCGTA -(TAMRA) 10

IAC UCP1 (VIC)-CCTGCCGTCTCGTGCTCCTCA-(TAMRA) 22
a FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
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�M (each) primer and 0.62 �M probe, were used for all PCRs. Reaction
mixtures were composed of 12.5 �l TaqMan 2� universal PCR master
mix No AmpErase UNG, 200 �M bovine serum albumin (BSA), 3 �l of
primer-probe mix, and 5 �l template (total volume, 25 �l). PCRs were
carried out in 96-well plates using the Applied Biosystems 7500 real time
PCR system (Carlsbad, CA). All samples were run in triplicate, and for
each target, three no-template controls (NTCs) were included. Thermo-
cycler settings were 50°C for 2 min, 95°C for 10 min, and 45 cycles of 95°C
for 15 s and 60°C for 1 min for all targets. The threshold for all targets was
set at 0.05 �Rn (the fluorescence of the reporter dye divided by that of a
passive reference dye). The baseline was determined by the software for
each reaction plate. Quantity estimates for samples were extrapolated
from comparison to a standard curve (described below).

Standard curve. Standard curves for all targets were constructed using
synthesized plasmid DNA (pIDTSMART with ampicillin resistance; Inte-
grated DNA Technologies, Coralville IA). Plasmids contained the target
sequence for HF183 (5=-TACCCCGCCTACTATCTAATGGAACGCA
TCCCCATCGTCTACCGGAAAATACCTTTAATCATGCGGACATGTG
AACTCATGATA-3=), HPyVs (5=-AGTCTTTAGGGTCTTCTACCTTTC
TTTTTTTTTTGGGTGGTGTTGAGTGTTGAGAATCTGCTGTTGCTT
CTTCATCACTGGCAAACATATCTTCATGGCAAAATAAATCTTCAT
CCCATTTTTCATTAAAGGAACTCCACCAGGACTCCCACTCTTCTG
TTCCATAGGTTGGCACC-3=), or general Bacteroidales (GenBac) (for
determination of inhibition) (55). DNA was serially diluted in AE buffer
(Qiagen, Valencia, CA) to final concentrations ranging from 101 to 106

gene copies/reaction as determined by multiplying the DNA concentra-
tion by Avogadro’s number and dividing by the product of the plasmid
size and average weight of a base pair (60). Each concentration of the
standard curve was run in triplicate on each reaction plate. The average r2

value for all reaction runs was 0.98 for both targets, with average reaction
efficiencies of 83% and 81% for HF183 and HPyVs, respectively. These
relatively low efficiency values likely resulted from use of circular rather
than linear plasmid DNA, as has been previously suggested (23).

Inhibition control. To monitor PCR inhibition from the water ma-
trix, DNA extracted from ambient water samples was analyzed in a mul-
tiplex reaction which included a synthetic internal amplification control
(IAC) (UCP1; Table 1) in place of water in the qPCR mix at a concentra-
tion of 50 target copies per reaction. The IAC UCP1 is a plasmid designed
with primer sites complementary to the GenBac primers (Table 1), with a
unique probe region which was synthesized by Integrated DNA Technol-
ogies (Coralville, IA) (40). The multiplex primer-probe mix consisted of
primers for GenBac and probes for both GenBac and IAC, allowing simul-
taneous amplification of GenBac and IAC. The expected CT value for
amplification of the IAC in uninhibited samples was determined as the
mean for all blanks (35.5 � 0.9), since they did not contain inhibitory
compounds. Reactions were deemed inhibited if the CT value was greater
than three standard deviations of the average IAC CT (	38.2). Only sam-
ples from Hillsborough River were deemed inhibited on both dates, and
DNA was further purified using the MoBio PowerClean DNA cleanup kit
(Carlsbad, CA) before it was used as a template for qPCR according to the
protocol described above.

Enumeration of FIB. Membrane filtration using 0.45-�M-pore-size
47 mm nitrocellulose filters was performed via standard methods for fecal
coliforms (1), E. coli (53), and enterococci (52) on all sewage samples and
environmental water samples. Sewage was diluted 10�3 and 10�4 (vol/
vol) in sterile buffered water (1) before filtration. Ambient (not amended
with sewage) environmental water samples were filtered at volumes of 1
ml, 10 ml, and 100 ml. All samples were processed in duplicate. Concen-
trations were reported as numbers of CFU per 100 ml.

Data evaluation. The ALOD was calculated as the inverse log of the
intercept minus the upper 95% confidence interval of the intercept di-
vided by the slope based on the standard curve. The sample was deter-
mined to be positive (detectable) if amplification was observed in at least
two of three replicates. A sample was considered quantifiable when am-
plification was observed in all three replicates with a CT standard deviation

of �1 CT. Based on these criteria, no target was detected in blank samples
(extraction blanks, field blanks, method blanks, or NTCs). To assess the
ability of the secondary DNA cleanup step (see above) to quantitatively
recover DNA, a theoretical data set was generated by using the measured
concentration of HF183 (gene copies · 100 ml�1) in the 10�2 sewage spike
(5 ml undiluted sewage spiked into 500 ml ambient water) as a starting
point and estimating the concentration in 10-fold dilutions (assuming
100% DNA recovery compared to that for the first dilution). The HF183
gene copy concentration was also measured by qPCR in a dilution series of
the sewage spike over a range in which the target was quantifiable (10�2 to
10�5). Gene copy concentrations were log transformed for both data sets
and were compared for waters from four sites (Fort DeSoto, Green
Swamp, Lake Carroll, and Hillsborough River) via Pearson correlation
analysis using the GraphPad Instat software program, version 3.0 (San
Diego, CA). Values from the Bahia Beach site were not used for this anal-
ysis because the LOQ was too high (HF183 could not be reliably quantified
in dilute samples).

Quantitative microbial risk assessment. The QMRA process used to
estimate the risk associated with each sewage dilution followed the guid-
ance described for recreational waters (58). Norovirus was selected as the
reference pathogen since human enteric viruses are thought to cause the
majority of swimming-related illnesses in human-impacted water bodies
(39, 41) and result in the highest risk estimates compared to other refer-
ence pathogens for these waters (41, 42). Furthermore, norovirus has been
detected in sewage in high densities (17, 24).

The probability of infection (Pinf) was modeled using the hypergeo-
metric function with parameters 
 � 0.04 and � � 0.055 for norovirus
doses measured by qPCR from the work of Teunis et al. (47) for nonag-
gregated virus suspensions. A Monte Carlo simulation was conducted to
capture the variation in norovirus density in sewage and ingestion
volume. The pathogen densities in sewage were not quantified in this
study; therefore, the pathogen dose was estimated using norovirus
densities from the literature. Norovirus density in raw sewage was
modeled as a lognormal distribution with parameters (� � 10.8; � �
6 [genome copies liter�1]) corresponding to a median density of
4.94 � 104 genome copies liter�1 and censored at 108 genome copies
liter�1 (46). The volume of water ingested was also modeled as a log-
normal distribution with parameters (� � 2.92 ml; � � 1.43 ml)
corresponding to a mean volume of 18.6 ml.

The norovirus dose for each sewage dilution was estimated by multi-
plying the raw sewage density by the ingestion volume and dilution factor
(point example: 3.86 � 10�4 genome copies liter�1 � 0.0186 liters �
10�2). The sewage dilutions were assumed to have a ratio of total to
infectious virions equivalent to the inoculum used for the dose-response
parameterization. Finally, the probability of illness was estimated by mul-
tiplying the probability of infection by a constant morbidity (fraction of
infections resulting in illness) of 0.6 (42).

RESULTS
ALOD and positive reactions. During this study, inconsistent am-
plification of replicate reactions (triplicate assays of a given DNA
sample) was observed. An inability to detect the 101 gene copy
standard (70% of standard curves for human polyomaviruses
[HPyVs] [n � 10] and 33% of standard curves for HF183 [n �
12]) was also fairly common, even though initial evaluation of the
ALOD determined it to be �10 gene copies for both methods. To
address this issue, a sample was designated detectable (positive)
for the target if amplification was observed in two of three repli-
cates. Furthermore, samples in which the mean quantity of target
copies estimated in the reaction was �102 frequently showed am-
plification in only two of three replicates or high standard devia-
tions in CT values (	1 CT) for replicate reactions, which resulted
in quantity estimates more than an order of magnitude different
among triplicate reactions. This was observed in 64% of samples
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analyzed for HPyVs (n � 25) and 61% of samples analyzed for
HF183 (n � 28). On the basis of these observations, amplification
was considered to be quantitative only if it was observed in all
replicates and the standard deviation of the replicates’ CT values
was �1.

Method specificity. The HPyV assay showed 100% specificity,
with no amplification observed for any of the 32 nontarget fecal
composites tested. The HF183 assay, however, was less specific.
Cross-reactivity (detectable target amplification) was seen with
two dog, two chicken, and one duck fecal composite sample, giv-
ing the assay an overall specificity of 81.25%. The quantity of
target determined for these samples was generally around 102 tar-
get copies · g�1 of fecal composite (wet weight); however, one
chicken composite showed a much higher target concentration,
1.75 � 107 copies · g�1.

MLOD and MLOQ. The culturable FIB concentrations in the
sewage samples tested were on the order of 106 CFU · 100 ml�1 for
E. coli and fecal coliforms, while the concentration of enterococci
was on the order of 106 to 107 CFU · 100 ml�1. All sewage samples
were positive for the HPyV and HF183 targets (on the order of 106

and 108 gene copies · 100 ml�1, respectively; Table 2). The MLOD

for each method is shown as the greatest dilution of extracted
sewage DNA that could be reliably detected, while the MLOQ was
the greatest dilution that provided quantitative results. The HPyV
assay had a higher MLOD (less dilution was required to dilute the
signal to extinction) than the HF183 assay, i.e., HPyVs were de-
tectable only in the 10�1 dilution of DNA from sewage, while the
HF183 marker was still detectable after a 10�3 dilution (Table 2).
Although the extent to which each target could be diluted and
remain detectable differed by 2 orders of magnitude, the amount
of each target estimated at the MLOQ was similar (on the order of
101 target copies per reaction). The MLOQ for HPyVs was in undi-
luted sewage (1.03 � 102 target copies per reaction), while the
lowest quantifiable concentration of HF183 was observed at a
10�2 dilution (6.35 � 101 target copies per reaction). Generally,
both targets could still be detected at approximately 1 order of
magnitude below the MLOQ.

PLOD and PLOQ. Ambient water samples representing various
water types common in Florida were used to determine the PLOD

and PLOQ for sewage that was diluted and carried through mem-
brane filtration and DNA extraction/purification (see Table S1 in
the supplemental material for physical and chemical characteris-

tics). The concentrations of FIB and MST markers present before
the addition of sewage were determined (Table 3). FIB concentra-
tions generally ranged from 101 to 102 CFU · 100 ml�1, while the
sewage contained 106 to 107 CFU · 100 ml�1. The HPyV marker
was not detected in any of the water samples collected prior to the
addition of sewage. HF183 was detected at the Hillsborough River
site on both sampling dates (1.41 � 103 and �4.52 � 102 copies ·
100 ml�1) and at Green Swamp on the first sampling date
(�2.15 � 102 copies · 100 ml�1) prior to spiking the water sam-
ples. Quantifiable concentrations of the HPyV marker were ob-
served in all samples amended with undiluted sewage, represent-
ing a 10�2 dilution factor (5 ml sewage diluted in 500 ml water)
(Table 4). The HPyV marker was also detectable but not quanti-
fiable in most samples amended with further dilutions of sewage
(10�3 and 10�4 dilution factors). Overall, the dilution at which
detection was observed was inconsistent among sample sites and
varied between sampling dates (Table 4).

In general, the HF183 marker was quantifiable in sewage that
was diluted approximately 100-fold more than for HPyVs (Table
4). All but two samples (the second sampling event for Bahia

TABLE 2 MLOD, MLOQ, and concentrations of DNA extracted from sewage samples and diluted in buffer for HPyVs and HF183a

Target Sample dateb

No. of gene copies per reaction (5 �l DNA) with indicated dilution

MLOD
c

Estimated no. of gene
copies/100 mld

Undiluted (100) 10�1 10�2

Mean SD Mean SD Mean SD

HPyVs 8/30/10 5.91 � 102 2.12 � 102 Not quantifiablee Not quantifiable 10�1 2.70 � 106

9/1/10 1.03 � 102 5.15 � 101 Not quantifiable Not quantifiable 10�1 4.72 � 105

9/15/10 1.62 � 102 3.58 � 101 Not quantifiable Not quantifiable 10�1 7.41 � 105

HF183 8/30/10 7.43 � 104 1.31 � 104 4.98 � 103 5.49 � 102 5.74 � 102 9.26 � 101 10�3 3.40 � 108

9/1/10 2.25 � 104 1.02 � 104 1.20 � 103 3.82 � 102 9.62 � 101 4.22 � 101 10�3 1.03 � 108

9/15/10 1.59 � 104 5.75 � 103 7.31 � 102 1.40 � 102 6.35 � 101 8.43 � 100 10�2 7.26 � 107

a Gene copies per reaction are a mean of qPCR results from three separate extractions. Bolded values represent the MLOQ for each marker in each sewage sample.
b Month/day/year.
c Lowest dilution in which target was amplified in at least two of three DNA extracts.
d Mean target copies · 100 ml�1 of sewage were calculated as the mean concentrations in undiluted sewage samples.
e Not quantifiable, target was detected but was not considered accurately quantifiable due to high standard deviations (	1 CT) among triplicate reactions.

TABLE 3 FIB concentrations for ambient water and sewage samples

Sample datea Site

FIB concn (CFU · 100 ml�1)

E. coli
Fecal
coliforms Enterococci

9/01/10 Sewage sample 2 1.50 � 106 3.95 � 106 6.50 � 107

Green Swampb 9.57 � 101 1.57 � 102 9.57 � 101

Lake Carroll 7.25 � 100 4.70 � 101 5.37 � 101

9/02/10 Hillsborough Riverb 1.15 � 102 1.22 � 102 9.65 � 101

Bahia Beach 5.12 � 102 6.42 � 102 6.80 � 101

Fort DeSoto 3.05 � 102 1.77 � 101 3.75 � 100

9/15/10 Sewage sample 3 3.20 � 106 2.25 � 106 1.15 � 107

Bahia Beach 8.80 � 100 2.53 � 101 3.20 � 101

Fort DeSoto 1.00 � 100 1.00 � 100 1.55 � 101

9/16/10 Green Swamp 1.62 � 102 1.42 � 102 3.45 � 102

Lake Carroll 1.82 � 102 2.62 � 102 3.66 � 102

Hillsborough Riverb 9.57 � 102 3.02 � 103 2.12 � 102

a Sample date (month/day/year) corresponds to the sewage sample collection date.
b HF183 was detected in ambient water samples prior to the addition of sewage.
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Beach and Lake Carroll) had detectable concentrations of HF183
at the 10�5 dilution factor (5 ml of sewage diluted 10�3 added to
500 ml water). Several samples had detectable concentrations of
HF183 at the 10�6 dilution factor, and one of these samples was
quantifiable (Table 4). For the two markers, the concentration of
target measured at the ALOQ was similar, ranging from 101 to 102

target copies per qPCR.
Inhibition. Samples collected from the Hillsborough River on

both dates contained inhibitors of the qPCR, since the mean CT

values for the IAC were 42.4 and undetermined, respectively, and
a sample CT value over 40 was determined to be inhibited. Green
Swamp samples collected on the first sample date may also have
been inhibited and produced an average CT value of 40 for the
IAC, but no action was taken to relieve inhibition for these sam-
ples. To relieve inhibition for Hillsborough River samples, DNA
extracts from ambient and sewage-spiked waters from this site
were further purified using a cleanup kit. Purified DNA extracts
produced mean CT values for the IAC of �40 when the samples

were reanalyzed (data not shown). The purified DNA showed de-
tectable concentrations of HPyVs and HF183 in the 10�4 and
�10�5 dilutions of sewage, respectively.

The effect of the secondary DNA cleanup procedure on recov-
ery of DNA from sewage-amended samples was assessed by com-
paring idealized values for HF183 gene copies (assuming 100%
DNA recovery) to measured values for each dilution of the sewage
spiked into ambient waters (Fort DeSoto, Green Swamp, Lake
Carroll, and Hillsborough River), which were carried through the
entire filtration and DNA extraction procedure (Table 5). For sites
at which DNA was not subjected to a secondary round of purifi-
cation, correlations (r2 	 0.85) between observed and theoretical
target concentrations were observed, with P values ranging from
0.0164 to 0.0785. The correlation coefficient for the cleaned-up
Hillsborough River DNA samples was not large and did not ap-
proach statistical significance (r2 � 0.62; P � 0.42).

Risk assessment. The objective of the risk assessment was to
evaluate if the HF183 and HPyV markers could be detected in

TABLE 4 PLOQ and PLOD of HPyV and HF183 assays using serially diluted sewage spiked into ambient waters

Site Datee

HPyV assay HF183 assay

PLOQ

PLOD dilutionb

PLOQ

PLOD dilutionb

No. of target copies ·
5 �l�1a Dilutionb

No. of target copies ·
5 �l�1a Dilutionb

Bahia Beach 9/2/10 3.23 � 102 10�2 10�3 8.31 � 102 10�4 10�6

9/15/10 1.06 � 101 10�3 10�3 6.63 � 101 10�3 10�3

Fort DeSoto 9/2/10 2.05 � 101 10�4 10�4 8.81 � 101 10�5 10�6

9/15/10 3.07 � 101 10�3 10�3 9.07 � 101 10�5 10�5

Green Swampc 9/1/10 3.91 � 102 10�2 10�3 1.66 � 102 10�5 10�5

9/16/10 1.64 � 102 10�2 10�2 1.31 � 101 10�5 10�6

Lake Carroll 9/1/10 1.20 � 102 10�2 10�3 1.98 � 102 10�5 10�6

9/16/10 6.17 � 101 10�2 10�2 5.23 � 102 10�4 10�4

Hillsborough Riverd 9/2/10 5.47 � 101 10�4 10�4 1.71 � 101 10�6 10�6

9/16/10 3.11 � 101 10�2 10�4 4.30 � 102 10�4 10�5

a Values represent the lowest number of target copies per reaction detected at the lowest sewage dilution quantifiable.
b Sewage dilution corresponding to the limit of quantification or detection.
c Results are estimated due to background contribution of HF183.
d Extracted DNA was further purified due to detection of inhibition on both sample dates.
e Sample date (month/day/year) corresponds to the collection date for the sewage sample used to spike each ambient water sample.

TABLE 5 Correlation analysis of observed values on second sampling date for HF183 compared to a theoretical data set for the sewage spike
dilution series

Sewage dilution
factora

Data and correlation analysis for siteb

Fort DeSoto Green Swamp Lake Carroll Hillsborough Riverc

Observed
quantity

Theoretical
quantity Correlation

Observed
quantity

Theoretical
quantity Correlationn

Observed
quantity

Theoretical
quantity Correlation

Observed
quantity

Theoretical
quantity Correlation

10�2 5.13 5.11 5.59 5.59 5.08 5.08 3.91 3.91
10�3 4.66 4.11 3.64 4.59 4.08 4.08 4.05 2.91
10�4 3.28 3.11 2.04 3.59 3.34 3.08 3.10 1.91
10�5 2.56 2.11 2.21 2.59 NQd NQ NQ NQ

r2 value 0.97 0.85 0.99 0.62
P value 0.0164 0.0785 0.0548 0.4205

a Dilution factor of 10�2 represents 5 ml sewage inoculated into 500 ml water.
b Quantities are expressed as log10 gene copies · 100 ml�1.
c DNA extracted from Hillsborough River samples on both sample dates was further purified to relieve inhibition.
d NQ, not quantifiable.
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sewage dilutions that present a potential health hazard to swim-
mers if ingested. A QMRA was conducted to estimate the risk of
gastrointestinal (GI) illness for adults resulting from the ingestion
of diluted sewage; the sewage dilutions modeled in the QMRA
were equivalent to those prepared for the PLOD analysis. Ideally,
the PLOD for each marker will be a dilution with a low predicted
human health risk (i.e., below the health benchmark); if this is the
case, the markers will theoretically also be detectable if that same
sewage is diluted less, resulting in a higher predicted human health
risk. The health benchmark of 10 GI illnesses per 1,000 exposures
(i.e., 0.01) was selected based on the 1986 Ambient Water Quality
Criteria (42).

The benchmark illness risk of 10 GI illnesses per 1,000 expo-
sures (i.e., 0.01) was compared to the predicted GI illness risk
associated with norovirus for each marker’s PLOD to evaluate
whether HF183 and HPyVs could be detected in sewage dilutions
corresponding to the lower range of risk levels that are still above
the 0.01 benchmark (Fig. 2). Sewage dilutions that were 10�5 or
more dilute had predicted median probabilities of illness below
the benchmark risk (with a median pathogen dose less than 1
genome copy). Sewage dilutions that were less dilute had pre-
dicted illness risks at or above the benchmark risk using norovirus
as the reference pathogen.

The HF183 marker could be detected in the 10�3 sewage dilu-
tion in Bahia Beach water but not in more dilute sewage dilutions,
and at this level the median risk of illness was close to 0.1. The best
detection performance for the HF183 marker was in Green
Swamp water, where the marker was detected in a sewage dilution
of 10�6. The predicted probability of illness from accidental inges-
tion of a sewage dilution of 10�6 was only 0.0001. For the majority
of waters, the HF183 marker was detected in sewage dilutions with
potential illness risks greater than or equal to the benchmark. In
contrast, the PLOD for the HPyV marker was generally not sensi-
tive enough to detect sewage dilutions near the benchmark level,
except in one instance each at Fort DeSoto (2) and Hillsborough
River (5) (Fig. 2).

DISCUSSION

Method sensitivity (ability to detect the target when the contam-
ination source is known to be present) was assessed with respect to
dilution of the contamination source (sewage) in order to directly
relate LOD to the efficacy of the method for field application. The
knowledge that one can detect x fg DNA may reflect a precise
measurement, but it provides no context for interpreting the use-
fulness of the method for its intended purpose: detecting fecal
contamination in environmental waters. This study advances the
science of qPCR-based MST by doing the following: (i) assessing
LOD on three levels, each of which is relevant to method perfor-
mance (ALOD, MLOD, and PLOD), (ii) comparing method perfor-
mances in various water types common to subtropical locales, and
(iii) relating the limit of detection for the MST methods to quan-
titative estimates of the risk of gastroenteritis associated with ex-
posure to sewage in recreational waters. Laboratory validation of
the HPyV and HF183 markers in this study showed the HPyV
target to be 100% specific against dog, cattle, and bird fecal sam-
ples while the HF183 marker cross-reacted with dog and bird fecal
samples and was 81.25% specific to human fecal contamination.
Previous studies have reported similar results for both markers (4,
18, 33). Higher concentrations of HF183 compared to HPyVs in
sewage, however, resulted in an MLOD approximately 100-fold
lower (more sensitive) for HF183 than for HPyVs in sterile buff-
ered water. Resource managers typically have limited funds and
must choose from a variety of markers to protect public health;
here they are presented with the option of using a more conserva-
tive but highly specific marker for human contamination (HPyVs)
or one that is more easily detected due to higher concentrations in
human fecal contamination but less specific (HF183), or they may
use both to maximize confidence in a positive or negative indica-
tion of sewage pollution.

Evaluation of these methods for a variety of inland and coastal
water types revealed that PLODs and PLOQs varied up to 100-fold in
water samples ranging from marine to freshwater that were inoc-
ulated using the same sewage sample. Furthermore, PLODs and
PLOQs for water samples collected from the same sites but on dif-
ferent dates differed by 1 to 2 orders of magnitude for both MST
markers. While different concentrations of the markers in sewage
collected on different dates could have influenced the between-
date variability, this factor was not an issue for the among-site
variability on a given date. Inhibition of the PCR resulting from
factors such as various concentrations of humic acids, fulvic acids,
and other compounds may contribute to differences in LOD ob-
served across different water types (48). By the method used here
to assess inhibition, the UCP1 plasmid containing a target with
GenBac primer sites and an engineered probe site, only the Hills-
borough River samples were identified as inhibited. This control
for inhibition may have been less useful than sample spikes and
assays for the actual target or template dilution. IACs that can be
multiplexed with primers and probes for target sequences are very
attractive because they reduce the cost associated with controlling
for inhibition; however, the magnitude of inhibition in a given
sample may be method specific. In waters where inhibition is
known to be an issue, the investment in spiked controls and/or
dilutions of the template, both of which require multiple assays,
may be worth the cost and effort.

The issue concerning how to interpret data in which replicate
reactions perform differently (e.g., amplification in only one or

FIG 2 Relationship of the PLOD for HF183 and HPyVs with gastrointestinal
illness rates estimated for norovirus in sewage. Median probability of GI illness
from norovirus (�) is plotted for accidental ingestion of water contaminated
with each sewage dilution corresponding to a limit of detection. Error bars
show the 25th and 75th percentile ranges for illness probability. Numbers
beside each marker designate the water body corresponding to that LOD: 1,
Bahia Beach; 2, Fort DeSoto; 3, Green Swamp; 4, Lake Carroll; 5, Hillsborough
River. For source waters with a range of LOD, the maximum and minimum
PLOD are included.
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two reactions out of triplicate reactions from the same DNA tem-
plate) is of growing concern to scientists as well as resource man-
agers when interpreting qPCR data. In this study, in samples with
mean target copy concentrations of �102 target copies per reac-
tion, triplicate reactions frequently (	60% of samples) returned
variable results, including nondetects in replicates or quantity es-
timates over several orders of magnitude (100 to 102). We estab-
lished criteria for a detectable (positive) sample as amplification in
at least two of three replicates and for a quantifiable sample as
amplification in all three replicates with a CT standard deviation of
�1. These conditions represent conservative criteria for the inter-
pretation of these data; however, further optimization of DNA
extraction methodologies and/or qPCR preparation, such as au-
tomation and prepackaged reagents, may increase the sensitivity
of these assays for accurate quantification of low target copy con-
centrations as well as increasing precision among replicate reac-
tions.

In addition to uncertainty about how to gauge certain perfor-
mance characteristics (i.e., what constitutes a “detection”) and
determining the most appropriate quality control strategies for
accurate quantification (i.e., how outliers for a standard curve or
sample should be determined), the issue of how to appropriately
measure and handle inhibition in samples is crucial to all applica-
tions of qPCR in environmental waters. In the present study, an
IAC (UCP1) was used at the level of the qPCRs, and inhibition was
evaluated based on observation of a CT value higher than that
expected for the IAC (35, 36). Chemical cleanup of DNA extracts
from the Hillsborough River samples, which were strongly inhib-
itory to PCR amplification, helped to alleviate inhibition based on
IAC CT values; however, the cleanup procedure did not result in
consistent DNA recovery, and therefore accurate quantification of
gene copies in the original sample was not possible. This break-
down in quantitative DNA recovery is likely due to more-exten-
sive manipulation of the sample resulting in a variable loss of
target between samples during the additional purification proce-
dure. Dilution of samples has been previously suggested to reduce
inhibition (54, 55, 59) and represents an acceptable alternative to
reduce inhibitors without extensive sample manipulation.

The use of qPCR in field studies of environmental water quality
is a relatively recent advancement in methodology. Initial studies
at the beginning of the 21st century did not use controls for sample
recovery during processing or inhibition (13, 14). As the field has
matured, the need to account for sources of quantitative error has
been increasingly recognized (11, 21, 38, 44, 54); however, there is
little agreement in the literature on how this difficult goal should
be accomplished. The tactics employed to assess and remove the
effect of inhibitory compounds vary, ranging from simple tem-
plate dilution (9) to addition of synthetic DNA sequences to reac-
tions as internal controls (19, 38, 45, 54). Salmon sperm DNA has
been used as a dual control for recovery through sample process-
ing and inhibition (54). Cao et al. (9) compared the efficacy of four
internal controls to that of sample dilution and concluded the
following: (i) sample dilution provided the most reliable and read-
ily interpretable evidence for inhibition, (ii) PCR chemistry, in-
cluding the specific polymerase master mix used, had a major
influence on the frequency of inhibited samples, and (iii) the
choice of method to assess inhibition is not yet agreed upon and
may vary by site or study objective.

Several methods were employed in this study to assess inhibi-
tion. Fecal samples were screened using conventional PCR target-

ing general Bacteroidales or bacterial 16S rRNA against both di-
luted and undiluted DNA; however, this was a qualitative rather
than a quantitative assessment of the presence of the MST mark-
ers. We chose the use of internal amplification control UCP1 as a
control for inhibition; however, in light of recent findings (9), the
dilution approach may have been more appropriate. The IAC
used here targeted a different sequence than the MST marker as-
says, which could cause false-negative results for inhibition (9).

DNA recovery following membrane filtration is inherently
variable and inefficient (44); therefore, the LOD values presented
here should be interpreted in light of this knowledge and with the
understanding that a determination of minimal target concentra-
tions (rather than sewage dilutions) would require the use of a
sample processing control to account for target loss through fil-
tration and DNA extraction (54). However, our previous work
had shown that recovery of HPyVs from the DNA extraction pro-
tocol was 91% (see the supplemental material for reference 31)
and that recovery, including the filtration protocol, was 79%
when virus numbers were 105 per filter (the cell number recom-
mended by the U.S. EPA for assessing recovery through filtration
[50]).

The purpose of the QMRA was to evaluate whether the human
sewage markers were detectable in sewage dilutions at the lowest
levels that constitute an unacceptable level of health risk, i.e., 10
illnesses in 1,000 exposures. The PLOD of HF183 was generally
sufficient to detect sewage in ambient water at dilutions that con-
stituted a potential human health risk based on the QMRA as-
sumptions, whereas, the HPyV marker was not. The reference
pathogen, norovirus, provides a conservative risk estimate suited
for comparing the general performance of each marker. The re-
sults should not be used to rule out the HPyV marker from the
candidates of useful markers for human sewage. The decay rate of
HPyVs in water strongly resembles that of adenoviruses, adding to
its attractiveness as a surrogate for pathogenic human viruses (8,
33). Conversely, the decay of the Bacteroidales in the water has
been demonstrated to occur rapidly under certain conditions, po-
tentially faster than that of pathogenic human viruses (5, 15). The
pathogen content of sewage varies (58), and therefore the HPyV
marker may be detectable in sewage dilutions of concern for some
populations. Likewise, the results shown here do not ensure that
HF183 will be detectable in the environment when there is a hu-
man health risk.

This study represents a step toward closing the knowledge gaps
as necessary to allow implementation of new rapid MST assays for
the protection of human health in recreational waters. In the cur-
rent work, the limits of detection and quantification of two hu-
man-associated markers in a variety of inland water types were
established, and these results compared with QMRA data show
that the HF183 marker can generally be detected and quantified at
dilutions of sewage that allow it to be protective of human health,
while current methods for HPyV detection are not effective at
detecting these viruses at such sewage dilutions. More work on
reducing the variability of DNA recovery and qPCR method per-
formance in environmental waters is needed, as well as better
methods for concentrating HPyVs without also concentrating in-
hibitors. The difference in limits of detection and quantification in
various water types and their correlation to pathogen occurrence
and risk will be an important consideration for regulators when
adopting new water quality standards related to MST qPCR as-
says, such as the two studied here.
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