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AbstrAct

 The last decade has seen development of 
numerous new microbial source tracking (MST) 
methodologies, but many of these have been tested 
in just a few laboratories with a limited number 
of fecal samples.  This method evaluation study 
examined the specificity and sensitivity of 41 MST 
methodologies by analyzing data generated in 27 
laboratories.  MST methodologies targeting human, 
cow, ruminant, dog, gull, pig, horse, and sheep were 
tested against sewage, septage, human, cow, dog, 
deer, pig, chicken, pigeon, gull, horse, and goose 
fecal samples.  Each laboratory received 64 blind 
samples containing a single source (singletons) or 
two sources (doubletons), as well as diluted singleton 
samples to assess method sensitivity.  Laboratories 
utilized their own protocols when performing 
the methods and data were deposited in a central 
database before samples were unblinded.  Between 
one and seven laboratories tested each method.  The 
most sensitive and specific assays, based on an 
analysis of presence/absence of each marker in target 
and non-target fecal samples, were HF183 endpoint 

and HF183 SYBR (human), CF193 and Rum2Bac 
(ruminant), CowM2 and CowM3 (cow), BacCan 
(dog), Gull2SYBR and LeeSeaGull (gull), PF163 and 
pigmtDNA (pig), HoF597 (horse), PhyloChip (pig, 
horse, chicken, deer), Universal 16S TRFLP (deer), 
and Bacteroidales 16S TRFLP (pig, horse, chicken, 
deer); all had sensitivity and specificity higher than 
80% in all or the majority of laboratories.  When the 
abundance of MST markers in target and non-target 
fecal samples was examined, some assays that 
performed well in the binary analysis were found to 
not be sensitive enough as median concentrations 
fell below a minimum abundance criterion (set at 
50 copies per colony forming units of enterococci) 
in target fecal samples.  Similarly, some assays that 
cross-reacted with non-target fecal sources in the 
binary analysis were found to perform well in a quan-
titative analysis because the cross-reaction occurred 
at very low levels.  Based on a quantitative analysis, 
the best performing methods were HF183Taqman 
and BacH (human), Rum2Bac and BacR (ruminant), 
LeeSeaGull (gull), and Pig2Bac (pig); no cow or 
dog-specific assay met the quantitative specificity 
and sensitivity criteria.  Some of the best performing 
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assays in the study were run by just one laboratory 
so further testing of assay portability are needed.  
While this study evaluated the marker performance 
in defined samples, further field testing as well as 
development of frameworks for fecal source alloca-
tion and risk assessment are needed.  

IntroductIon
 Beach water quality monitoring is based on 
measurement of fecal indicator bacteria (FIB), which 
are used as surrogates for human pathogens because 
they are relatively easy to measure and have been 
found to correlate with human health outcomes 
(Pruss 1998, Wade et al. 2003).  However, FIB can 
originate from numerous pollution sources, such as 
human sewage, manure from livestock operations, 
wildlife, and urban runoff.  In addition, non-fecal FIB 
sources have been well documented (Hardina and 
Fujioka 1991, Byappanahalli et al. 2003, Yamahara 
et al. 2007).  Effective beach management requires 
knowledge of the dominant FIB sources and their 
potential influences on water quality.  Source identi-
fication also allows prioritization of watersheds for 
remediation based on predicted human health risks; 
risks will differ depending on the host source from 
which the FIB originated (Soller et al. 2010).  
 Numerous microbiological source tracking 
(MST) methods intended to discriminate between 
human and non-human fecal sources have been 
developed, with some methods designed to differenti-
ate among animal sources.  The field was historically 
dominated by library-dependent methods that match 
genetic or phenotypic patterns of FIB isolates from 
a known source to that of isolates in an ambient 
sample.  More recently, genetic markers associated 
with particular animal feces have gained favor 
because they do not require building costly isolate 
libraries, which have been found to be geographically 
(Wiggins et al. 2003, Ebdon and Taylor 2006) and 
temporally (Jenkins et al. 2003, Hansen et al. 2009) 
specific.  Several other classes of methods, including 
viruses specific to human fecal material (Noble 
et al. 2003, Noble and McQuaig 2011), chemical 
(Hagedorn and Weisberg 2009), community-based 
(Cao et al. 2011a), and metagenomic methods (Unno 
et al. 2010), are also used.  
 A few large studies to assess efficacy of these 
methods have been conducted (Griffith et al. 2003, 
Stoeckel et al. 2004), but they were conducted 
prior to development of many library-independent 

methods.  Methods developed since that time have 
been mostly evaluated within the research laborato-
ries in which they were developed, making it difficult 
to assess their geographical stability (Stoeckel and 
Harwood 2007).  Moreover, most evaluations have 
focused on a small number of candidate sources, 
limiting the ability to assess cross-reactivity that has 
been reported in some studies (Layton et al. 2006, 
Kildare et al. 2007, McLain et al. 2009, Van De 
Werfhorst et al. 2011).  Studies that have investigated 
a large number of candidate sources (Shanks et al. 
2010a,b) were performed in a single laboratory, 
resulting in no information on potential influence of 
inter-laboratory variability.  
 The following provides the study design and 
broad overview of results from a recent study (the 
Source Identification Protocol Project, SIPP) in 
which 41 MST methods implemented by 27 laborato-
ries (Table 1) were challenged with 12 possible fecal 
sources in 64 blind samples.  

Methods
 A global call for participating laboratories was 
distributed by email.  All laboratories that indicated 
they would like to participate were accommodated; 
this included those who wished to test newly de-
veloped assays as well as older assays gaining 
popularity in the MST field.  The methods whereby 
64 challenge samples were created and distributed to 
the 27 participating laboratories are outlined below.  
Participating laboratories were aware of the types of 
feces and challenge samples (singletons and double-
tons) included in the study, but challenge samples 
received by the laboratories were labeled with only a 
number; thus they were blinded.  Depending on the 
needs of the laboratories, challenge samples were de-
livered as filters or in liquid form.  Laboratories that 
performed viral analyses required unique processing 
of the sample and filter.  Participating laboratories 
assayed the samples using a variety of methodologies 
including culture-dependent assays for bacteriophage, 
culture-independent assays for specific genes, and 
molecular community profiling methodologies.  The 
number of laboratories testing each assay varied from 
one to seven; all assays, regardless of the number 
of laboratories running them, were included in the 
analysis although it is acknowledged that assays 
performed by just one laboratory should be further 
tested.  In many cases, assay developers participated 
in the study.  While comparison of the developer’s 
results with the other laboratories’ results might be 
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informative, such comparisons were not an aim of the 
present analysis.  
 Composite challenge samples were created from 
freshly collected fecal material from 12 sources 
relevant to California beaches: individual humans, 
sewage, septage, horse, cattle, deer, pigs, geese, 
chicken, pigeon, sea gull, and dogs.  A minimum of 
12 individual samples were collected for each animal 
type, except for sewage (untreated influent from 9 
treatment facilities) and septage (6 septage collection 
trucks or community systems).  An approximately 
equal number of each fecal sample type was collected 
from four California (CA) geographies: central CA, 
Los Angeles County, Orange County, and San Diego 
County.  In all cases, samples were collected fresh 
(i.e., wet and recently deposited), except in the case 
of feral deer in which case feces were collected even 
if they appeared aged.  
 All individual fecal samples were collected 
in 50 ml polypropylene culture tubes using sterile 

technique and stored at 4°C until used to create 
composite challenge samples (between 1 and 3 days).  
First, composite slurries were created for each of 
the 12 source types as follows.  Between 1 and 55 g 
of feces, 75 ml (septage) or 100 ml (sewage) from 
each individual fecal sample were added to between 
1 and 5 L of 0.2 µm pore size filtered (Polycap 
36 AS, Whatman) artificial freshwater (distilled 
water with 0.3 mM MgCl2, 0.6 mM CaCl2, and 1.4 
mM NaHCO3), and was blended using a Waring 
(Torrington, CT) 700S blender run at 12000 RPM 
and screened through 300 µm nylon mesh to remove 
large debris.  The total amount of fecal material 
added to the artificial freshwater was that estimated 
to yield concentrations of approximately 2000 colony 
forming units (CFU) enterococci per 100 ml based 
on information gleaned from the literature and pilot 
studies on fecal enterococci concentrations.  
 Composite challenge samples contained either 
a single fecal type (singletons) or two fecal types 

Table 1.  List of participating laboratories.  
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(doubletons; Table 2).  To create the doubleton 
composite slurries, 90 and 10% (by volume) of the 
appropriate singleton composite slurries were mixed 
in a sterile carboy.  
 Once all the composite slurries were made, they 
were assigned a number by personnel not involved 
in the study and all other identifying markers were 
removed from the carboys.  The newly labeled 
carboys were returned to researchers who further 
processed the samples for study participants.  
 Fifty ml of the blinded, composite challenge slur-
ries were filtered to create the composite challenge 
samples for distribution, except for the few methods 
that required a liquid sample.  Some of the challenge 
samples included singletons at 1:10 strength to assess 
method sensitivity, which were created by filtering 
only 5 ml of the slurries.  
 All filtrations used sterile disposable filtration 
devices (Thermo Scientific, Logan, UT) and 47 mm 
diameter, 0.4 μm pore size polycarbonate membrane 
filters (Isopore, Millipore, Billerica, MA) with 
the exception of filtrations for mammalian virus 

analyses, which used 47 mm diameter, 0.45-µm 
pore size mixed cellulose ester membrane filters 
(HA, Millipore) adjusted to pH 3.5 with 20% HCl 
or the addition of MgCl2 to 0.1 M in some cases 
(see Supplemental Information (SI) Table SI-1; 
ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/
AnnualReports/2013AnnualReport/ar13_409_431SI.
pdf; Harwood et al. 2013).  Filters were placed 
in cryotubes, flash frozen in liquid nitrogen, and 
stored at -80°C until shipment to participating labs.  
Bacteriophage were enumerated in unfiltered liquid 
challenge samples to which 10% glycerol (IBI 
Scientific, Peosta, IA) was added.  Canine scent 
tracking was carried out with 50 ml unfiltered liquid 
samples.  All filters were shipped on dry ice; liquid 
samples were shipped on blue ice.  All challenge 
samples were created in duplicate for a total of 64 
challenge samples.  

MST Analysis
 Analyses for 41 MST methods were carried out 
by 27 laboratories (Table SI-2).  The following assays 
were tested: CowM2 and CowM3 (Shanks et al. 
2008), BacCow (Kildare et al. 2007), BacR (Reischer 
et al. 2006), Rum2Bac (Mieszkin et al. 2010), CF128 
and CF193 (Bernhard and Field 2000), Gull2SYBR 
(Lu et al. 2008), Gull2Taqman (Shibata et al. 2010, 
Sinigalliano et al. 2010), LeeSeaGullSpecific (Lee 
et al. 2013), Gull2Endpt (Lu et al. 2008), Pig2Bac 
(Mieszkin et al. 2010), PF163 (Dick et al. 2005), 
PigmtDNA (Martellini et al. 2005), DogBac (Shibata 
et al. 2010), BacCan (Kildare et al. 2007), HoF597 
(Dick et al. 2005), Omvito (Martellini et al. 2005), 
HF183SYBR (Seurinck et al. 2005), HF183Taqman 
(Haugland et al. 2010), BacHum (Kildare et al. 
2007), HumM2 (Shanks et al. 2009), BsteriF1 
(Haugland et al. 2010), nifH (Johnston et al. 2010), 
BacH (Reischer et al. 2007), gyrB (Lee and Lee 
2010), Btheta (Yampara-Iquise et al. 2008), GB124 
phage (Ebdon et al. 2007), HB73 phage (Vijayavel 
et al. 2010), F-specific coliphage (Gourmelon et al. 
2007), HF183Endpt  (Bernhard and Field 2000), en-
terovirus (DeLeon et al. 1990, Donaldson et al. 2002, 
Fuhrman et al. 2005, Gregory et al. 2006, Walters 
et al. 2009), adenovirus (Xu et al. 2000, Jothikumar 
et al. 2005), norovirus I and II (Jothikumar et al. 
2005, Da Silva et al. 2007), polyomavirus (Aksamit 
1993, McQuaig et al. 2009), MB55 phage (Vijayavel 
et al. 2010), canine scent tracking (Murray 2011), 
Phylochip (Dubinsky et al. 2012), and Bacteroidales 

Table 2.  Challenge samples.  Each sample was provided 
to participating laboratories in duplicate.  A sample with 
‘1:10’ indicates a 1:10 dilution of the full strength single-
ton.  The numbers after the doubleton name indicates 
the percent by volume, respectively, combined to create 
the sample.  Further details on sample creation can be 
found in the method section.  

ftp://ftp.sccwrp.org/pub/download/DOCUMENTS/AnnualReports/2013AnnualReport/ar13_409_431SI.pdf
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and general terminal restriction fragment length 
polymorphism (Cao et al. 2013 b).
 The vast majority of the analyses measured 
molecular markers by PCR or quantitative real-time 
PCR (QPCR), and the general methods used are 
described below (full details are provided in Table 
SI-2).  DNA or RNA was extracted using commercial 
kits and then quantified (by most laboratories).  
Conventional PCR or QPCR was carried out using 
previously published protocols.  Standard curves 
were created with genomic DNA or RNA, plasmid 
DNA, or in vitro transcribed RNA, as indicated in 
Table SI-2.  Quantification thresholds (Cq) were 
translated into copy numbers using single or master 
standard calibration models (Sivaganesan et al. 
2010).  Copy numbers per filter were reported to a 
central data depository where results were compiled.  
Samples were unblinded once all data were received.  
For QPCR assays, most laboratories reported a lower 
limit of quantification (LLOQ).  The Cq values for 
challenge samples that were above that of the LLOQ 
were either quantified as concentrations below the 
LLOQ, reported as ‘not detected’ (ND),  or ‘detected 
but not quantified’ (DNQ), depending on laboratory 
(Table SI-2).  

Community-Based Analysis
 Three community-based methods (PhyloChip, 
Universal 16S terminal restriction fragment length 
polymorphism (TRFLP), Bacteroidales 16S TRFLP) 
were tested (Table S2).  PhyloChip was run by one 
laboratory, and the two TRFLP methods by two labo-
ratories.  The method details are described elsewhere, 
along with additional methods and data analysis 
approaches not reported here, including next genera-
tion (Illumina) sequencing, combined Universal & 
Bacteroidales TRFLP, and PhyloChip using a probe-
based analysis approach (Cao et al. 2013 a,b).  In 
brief, a set of 12 reference samples, 1 for each fecal 
source type, were created at the same time as the 
64 blinded challenge samples using the same fecal 
material.  Two hundred ml of full strength singleton 
challenge slurries were filtered through membrane 
filters to create the samples.  These reference samples 
were processed and analyzed at the same time as the 
64 challenge samples for all of the community-based 
methods.  Using multivariate techniques, the results 
from the unknown samples were compared to the 
reference samples to determine the sources likely 
present (Cao et al. 2011b, Dubinsky et al. 2012).

F-Specific Bacteriophage 
 F-specific bacteriophage were cultured 
from samples (International Organization for 
Standardization 1995).  Plaques were picked 
and cultivated in media with and without RNase 
(Gourmelon et al. 2007).  FRNA phage isolates 
where then subsequently genotyped into genogroup I 
or II using reverse transcription-PCR (Ogorzaly et al. 
2009).  Samples were designated as ‘inconclusive’, 
‘human’, ‘animal’, or ‘both’ as follows.  If less than 
five plaques could be genotyped from a sample, 
the result was deemed inconclusive.  Otherwise, a 
sample was classified as ‘human’, ‘animal’, or ‘both’ 
if more than 20% of genotyped isolates corresponded 
to genogroup II and less than 20% corresponded to 
genogroup I, if more than 20% of genotyped isolates 
corresponded to genogroup I and less than 20% to 
group II, or if more than 20% of genotyped isolates 
corresponded to genogroup II and more than 20% 
of genotyped isolates corresponded to genogroup I, 
respectively.

Amount of Feces per Filter
 The amount of feces in each sample was estimat-
ed using four different metrics: enterococci measured 
by membrane filtration (ENT-MF), enterococci 
measured by Enterolert (ENT-MPN), Bacteroidales 
as measured by the general Bacteroidales marker 
(genbac3), and mass of DNA (DNA).  
 The concentration of ENT-MF in each challenge 
singleton slurry (Cn) was determined using EPA 
Method 1600 (USEPA 2006).  Between two and three 
dilutions were filtered for enumeration.  All countable 
filters (filters with between 1 and 250 CFU) were 
assigned a number of CFU.  If more than one dilution 
was countable, the counts were averaged to estimate 
Cn in units of CFU per 100 ml.  In the case of the 
horse singleton, a single plate with an estimated 600 
CFU was used to estimate the concentration.  
 The concentration of ENT-MPN in each single-
ton slurry was determined using Enterolert (IDEXX, 
Westbrook, ME) defined substrate assays.  For each 
challenge singleton slurry, between two and three 
volumes (between 10 and 0.0001 ml) were added 
to molecular grade water (Hardy Diagnostics, Santa 
Maria, CA) to a final volume of 100 ml and pro-
cessed according to manufacturer’s directions using 
Quanti-tray 2000s (IDEXX).  Concentrations from 
all trays that yielded more than one well and less than 
all 97 wells positive were averaged to estimate Cn in 
units of MPN per100 ml.  
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 The concentration of genbac3 was estimated 
by three laboratories using EPA method B (USEPA 
2010), with a geometric mean of values among 
laboratories calculated to estimate Cn in units of 
copies per 100 ml.  The concentration of DNA was 
estimated by two laboratories using Quant-iT kits 
(dsDNA High-Sensitivity or dsDNA Broad-Range; 
Invitrogen-Molecular Probes, Grand Island, NY) ap-
plied to 50 ml of slurry filtered through a membrane 
filter and using Generite DNA extraction kits.  This 
concentration was multiplied by the exact volume of 
extract and normalized to 100 ml of slurry.  
 The concentrations were used to calculate 
ENT-MF, ENT-MPN, genbac3, and ng DNA per filter 
for full strength singleton (Cn *0.5), for 1:10 strength 
singleton (Cn *0.05), and doubleton (Cn *0.45 + Cm 
*0.05), where Cn and Cm are the concentrations of the 
full strength singletons used to make up 90 and 10% 
of the doubleton by volume, respectively) challenge 
samples.  

Data Analysis  
 MST data submitted by the laboratories were 
formatted for data consistency.  For PCR analyses, 
results reported as ‘absence’ were considered ‘nega-
tive’, and all other results were considered ‘positive’.  
For quantitative (QPCR and phage) data, results 
reported as ‘negative’, ‘No Cq’, ‘0’ or less than a 
detection limit were replaced with ‘ND’, and results 
reported as ‘detected’, ‘presence’, ‘positive’, ‘DNQ’ 
(detected but not quantified), and ‘BLOQ’ (below 
limit of quantification) were replaced with ‘DNQ’.  
 Data from each laboratory and assay were 
translated into positive/negative for each of 64 chal-
lenge samples to create a binary data set, with QPCR 
values reported as DNQ treated as positive.  Using 
the binary data set, the sensitivity and specificity of 
each MST assay was determined using all challenge 
samples (singletons, 1:10 singletons, and double-
tons).  The MST assay result was considered correct 
if it detected its target when the intended host feces 
were present in the challenge sample, regardless of 
the amount of feces present, or it did not detect its 
target in samples that did not contain the host feces.  
The MST method result was considered incorrect 
if it detected its target when the intended host feces 
were not present in the challenge sample, or it did 
not detect its intended host feces when the feces were 
present in the challenge sample.  Sewage and septage 
were treated as human sources even though they 
potentially could contain other animal sources.

 Sensitivity (reported as a percent) was calculated 
as the number of challenge samples correctly identi-
fied as positive for the host feces divided by the total 
number of samples that contained the host feces:

Sensitivity = TP/(FN+TP)  Eq. 1
where TP and FN are true positives and false 
negatives, respectively.  

 Specificity (%) was calculated as the number of 
challenge samples correctly identified as negative for 
the host feces divided by the total number of samples 
that did not contain the host feces:

Specificity = TN/(FP+TN)  Eq. 2
where TN and FP are true negatives and false 
positives, respectively.  

 An assay was considered sensitive and specific 
if both these metrics exceeded 80% in all the labora-
tories that ran the assay (if number of labs (n) ≤3) or 
for more than half the laboratories that ran them (if 
n >3).  
 The community-based assays were also 
evaluated in the binary analysis.  While the single 
indicator MST methods target only one particular 
source and report ‘positive’ or ‘negative’ for that 
particular source, community-based assays target all 
sources simultaneously and report the most probable 
source(s) for each unknown sample.  At a minimum, 
the methods identified one dominant source for each 
unknown.  To provide evaluation of the community-
based assays parallel to the single indicator methods, 
the community-based results were translated into 
multiple binary data sets, one for each of the fecal 
source types (except for pigeon which could not 
be distinguished from gull feces in the calibration 
exercise (Cao et al. 2013 b).  
 The FRNA bacteriophage results were treated 
similarly to the community-based assays because 
the final results were not expressed as presence/
absence or quantity of a single source, but instead 
listed ‘human’, ‘animal’, or ‘both’ as being present.  
To be included in the binary analysis, these results 
were translated into one binary data set based on the 
presence/absence of ‘human’ in the results.
 Method performance was also assessed based 
on quantitative target abundance, but this analysis 
was limited to the singleton samples (full and 1:10 
strength).  MST genetic marker abundance was first 
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normalized by the amount of feces on the filter to 
give copy number or plaque forming unit (PFU) per 
CFU ENT-MF.  ND values were assigned a value 
of 10-6 copies per CFU; DNQ values were assigned 
a value of 10-5 copies per CFU, values lower than 
all measured normalized abundances.  A method 
was considered sensitive if the median number of 
copies per CFU exceeded 50 copies per CFU, which 
was selected as the lowest number that could be 
detected in an ambient water sample containing 100 
CFU ENT per 100 ml (~ a recreation water quality 
standard) if 100 ml were filtered for MST analysis, 
nucleic acid extracted into 100 µl of eluant, and 2 
µl of this is run as template in a QPCR assay with a 
lower limit of quantification (LLOQ) of 100 copies 
per reaction.  This LLOQ value was conservatively 
and arbitrarily chosen as one that might be achieved 
by a local laboratory.  Additionally, quantitative MST 
methods were deemed specific based on their level 
of cross-reactivity with non-target samples.  For 
each MST method, the number of non-target fecal 
samples that had marker abundances on a per CFU 
ENT basis greater than or equal to the abundances 
measured in target fecal samples was determined; 
only measurements within the range of quantification 
were considered (i.e., samples yielding ND and DNQ 
in non-target and target samples were not considered 
in the comparisons).  A method was deemed specific 
if this number was zero.  This approach allows assays 
to be deemed specific even if low levels of cross 
reactivity occur.
 Review of the data indicated evidence that one 
challenge sample filter received by a single labora-
tory (a chicken singleton filter) was contaminated 
with human feces.  Each human MST genetic marker 
the laboratory measured (n = 5) was found in very 
high abundance on the filter; and similar results 
were not reported by any other laboratory or for the 
replicate chicken singleton filter.  Thus, data from 
this filter were removed from the MST analysis, but 
not the community-based analysis as a different set of 
filters was used.  

Blanks
 Filtration blanks (FB) were created to assess the 
potential for cross-contamination during the creation 
of the challenge samples.  These consisted of filters 
placed into filtration devices, doused with phosphate 
buffered saline or artificial fresh water, and carried 
through subsequent QPCR processing.  Filtration 
blanks were run in replicate using ten different 

assays by five cooperating laboratories (Laboratories 
1 through 5; Table SI-2).  The 10 QPCR methods 
included: BacHum, BsteriF1, HF183Taqman, 
HumM2, BacCow, CowM2, DogBact, Gull2Taqman, 
Pig2Bac, and genbac3.  
 Individual laboratories ran their own processing 
controls.  For PCR and QPCR methods, these con-
sisted of no template controls and extraction blanks 
(sterile filters run through the nucleic-acid extraction 
process and then subjected to analysis).  Processing 
control data were not submitted by the majority 
of participating laboratories.  It was assumed that 
laboratories conducted their own quality control as-
sessments as per standard practice prior to submitting 
the data, and thus processing control data will not be 
presented herein.

Inhibition
 As for the process controls, it was assumed that 
laboratories ran their own inhibition tests and results 
from these were used during data QA/QC.  One 
participating laboratory (Laboratory 3; Table SI-2) 
assessed inhibition for QPCR assays HF183Taqman, 
BacHum, BsteriF1, HumM2, CowM2, DogBact, and 
genbac3 using a ‘spike and dilute’ method (Cao et al. 
2012).  In brief, between 102 and 104 copies of target 
were spiked into DNA extracts from the 64 challenge 
samples, and undiluted and 1:10 diluted extracts were 
run in each QPCR assay in triplicate.  If the differ-
ence in Cq values between the diluted and undiluted 
sample was less than 2.3, the samples were deemed 
‘inhibited’.  

results

Amount of Fecal Material on Challenge 
Filters
 The amount of fecal material on the filters 
varied over several orders of magnitude regardless 
of how fecal material was measured (Figure 1).  
Concentrations of enterococci measured by 
membrane filtration and defined substrate methods 
(ENT-MF and ENT-MPN) ranged over five orders 
of magnitude and were well correlated (Pearson’s r 
between log10-transformed concentrations = 0.83, p = 
0.001, n = 12).  Genbac3 concentrations ranged over 
seven orders of magnitude; genbac3 concentrations 
in full strength singletons did not covary significantly 
with any other measures.  DNA concentrations on 
the filters ranged over two orders of magnitude and 
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also did not correlate with any other metric of fecal 
material.  
 Based on ENT-MF, full strength samples (full 
strength singletons and doubletons) contained 
between 230 and 8.7 x 105 CFU per filter with 
a median of 6.0 x 103 CFU per filter.  One-tenth 
strength singletons contained between 23 and 8.7x104 
CFU per filter with a median of 600 CFU per filter.  
All filters, except for the 1:10 sewage and 1:10 
septage had over 104 CFU per filter, the amount of 
enterococci that would remain on a filter if 100 ml of 
water out-of-compliance with enterococci standards 
had been filtered for routine monitoring.  

Blanks
 Filtration blanks (FB) provide checks on whether 
there was cross-contamination between challenge 
filters during their creation.  Four-hundred fifty-five 
(455) FB reactions were run across the 10 assays 
(this counts each replicate QPCR as one reaction).  
Both a general indicator marker (genbac3) and nine 
MST markers were tested.  A total of 99 reactions 
(22%) amplified (all Cq >33, median Cq = 38; Figure 
SI-1).  Seventy four (74) of 112 genbac3 FB control 
reactions were positive, and 0 of 58 DogBact, 8 of 
19 Gull2Taqman, 7 of 36 BacCow, 6 of 46 Pig2Bac, 
3 of 63 HF183Taqman, 3 of 33 BsteriF1, 3 of 37 
BacHum, and 2 of 40 CowM2 assays were positive.  
For the MST QPCR methods that targeted host-
associated markers, Cq values were below the LLOQ 

for the laboratory running the sample with a few 
exceptions, and replicate reactions for the same FB 
were not positive except in one case.  For the general 
indicator marker genbac3 which is generally present 
in high concentrations in all feces (Figure 1), some 
FB test reactions yielded concentrations near those 
measured for gull and pigeon singletons (Figure 1); 
these species are known to contain low levels of 
fecal Bacteroidales (Lu et al. 2008).  Overall, the FB 
results indicated very limited cross-contamination 
with respect to MST genetic markers, and cross-
contamination with genbac3 at low levels relative to 
the target samples.  

Inhibition
 To assess inhibition, every blinded sample extract 
was spiked with targets for the HF183Taqman, 
BacHum, BsteriF1, HumM2, CowM2, DogBac, 
and genbac3 QPCR assays and run undiluted and 
1:10 diluted to assess for inhibition.  In total, 64 
samples were run for inhibition with 7 assays for 448 
inhibition tests.  Of these, only three inhibition tests 
suggested potential inhibition; for each of these tests, 
only one of three replicate reactions showed a change 
in Cq <2.3.  Although nucleic-acid extraction methods 
varied across laboratories (Table SI-2), and not all 
assays were tested for inhibition, the results suggest 
that there was not a gross problem of inhibition in the 
study.  

Figure 1.  The amount of fecal material on each challenge filter as measured by enterococci measured by membrane 
filtration (ENT-MF), defined substrate (ENT-MPN), genbac3, and mass of DNA.  See the Methods section and Table 
2 for definitions of challenge filters shown on x-axis.
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Binary Analysis
 The binary analysis calculated the specificity and 
sensitivity of each MST method using Equations 1 
and 2 while considering DNQ as a positive result.  A 
method was considered sensitive and specific if both 
these metrics exceeded 80% in all the laboratories 
that ran the method (if number of labs (n) ≤3) or for 
more than half the laboratories that ran them (if n 
>3).  Sensitive and specific methods for identifying 
each type of fecal sample are summarized in Table 3, 
along with an indication of whether the assay was 
tested by just a single laboratory.  

Human Detection
 Only two of the human assays were classified 
as both sensitive and specific using a cutoff of 80% 
for all or most laboratories: HF183 end point and 
the HF183SYBR assay (Figure 2; Table 3).  Two of 
the seven laboratories running the HF183 endpoint 
method reported low sensitivity (50%) while the 
remaining five laboratories reported sensitivities 
upward of 80%.  One of the laboratories reporting 
low sensitivity did not detect the genetic marker in 
many of the samples containing sewage and septage, 
while the other laboratory with low sensitivity did not 
detect the genetic marker in samples containing all 
three types of ‘human’ waste.  All seven laboratories 
reported specificities from 92 to 100%.  The HF183 
SYBR method was performed by four laboratories, 
and all reported high sensitivity (>87%).  One labora-
tory reported low specificity (28%) and detected the 
genetic marker in all types of non-target host fecal 
material, while the other three laboratories reported 
specificity >85%.  

 Other Bacteroidales genetic markers that 
target the 16S rRNA operon (BacHum, BsteriF1, 
HF183Taqman, Btheta, BacH) or functional genes 
(HumM2) performed at high sensitivities, but these 
methods also exhibited cross-reactivity, which 
prevented their classification as specific (Figure 2).  
This cross-reactivity was not limited to one particular 
type of non-human fecal source.  The gyrB method 
that targets a functional gene in Bacteroidales was 
specific, but not sensitive because it was not detected 
in some samples with sewage and septage.  
 The nifH method targets a functional gene in an 
enteric archaeon and was run by five laboratories.  
This assay did not perform with both specificity 
and sensitivity over 80% in any single laboratory; 
however, some individual laboratories reported either 
good sensitivity or specificity (Figure 2).  
 Several human viruses, Bacteroidales phage, 
and Enterococcus faecium phage were included in 
the study.  The human virus methods were highly 
specific, but did not perform at high sensitivities 
(Figure 2); likely a result of the viruses being at 
low abundances in feces.  Interestingly, enterovirus 
genomic RNA was detected in several pig samples 
by multiple laboratories.  Bacteroides phage and 
F-specific phage typing did not exhibit good sensitiv-
ity and specificity for human fecal material, although 
specificity was greater than 80% for bacteriophage 
assays in all but one laboratory (Figure 2).  Further 
analysis and discussion of these results can be found 
in Harwood et al. (2013).  
 Canine scent tracking was performed by two 
trained dogs.  In this method, trained dogs are told 
to identify samples containing human waste.  The 
dogs’ ability to detect human waste over other types 
of waste met neither specific nor sensitive criteria 
of >80% (Figure 2).  
 None of the community-based assays met the 
80% criteria for specific and sensitive detection of 
human fecal samples.  Of the three microbial com-
munity profiling methods, the PhyloChip method 
performed the best with a sensitivity of 79% and 
specificity of 85% (Figure 2).  Both TRFLP methods 
showed lower sensitivity than the PhyloChip, but 
showed good specificity (96 - 100%) for the detection 
of human fecal material in the challenge samples 
(Figure 2).  Further analysis for each of the fecal 
source types, including additional community-based 
methods and data analysis approaches can be found 
in companion papers (Cao et al. 2013 a,b).

Table 3.  Summary of sensitive and specific assays 
based on binary analysis.  * indicates run by one lab, 
** indicates run by one laboratory which was the devel-
oper.  These assays will require further testing.
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Cow/Ruminant Detection
 Of the methods deemed by their developers to 
be cow-associated (BacCow, CowM2, and CowM3) 
CowM2 and CowM3 performed with sensitivity and 
specificities meeting our criteria across all perform-
ing laboratories (Figure 2; Table 3).  BacCow had 
high sensitivity, but poor specificity and exhibited 

cross-reactivity with all types of non-bovine feces 
(Figure 2).  Of the community profiling methods, 
the Bacteroidales TRFLP performed the best with 
sensitivities and specificities by the two performing 
laboratories of 75 and >98%, respectively (Figure 2).  
However, no community method met the benchmark 
of 80% for sensitivity and specificity.  

Figure 2.  Sensitivity and specificity of human, gull, and ruminant/cow assays calculated from binary presence/
absence data.  Open circles are used for sensitivity, shaded squares are used for specificity.  The number of 
laboratories that ran each assay is listed next to the assay name (left axis).  Note that for some assays, results from 
two or more laboratories were identical so symbols may overlap.  
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 Of the methods described by their developers 
as ruminant-associated, CF193 and Rum2Bac were 
sensitive and specific as ruminant markers (Figure 2; 
Table 3).  CF128 performed well in the hands of one 
laboratory (specificity and sensitivity >80%) but 
performed with low sensitivity in the other laboratory 
where it was not detected in a fraction of samples 
with cow and deer feces (Figure 2).  Similarly, BacR 
met the specificity and sensitivity benchmarks in one 
laboratory, but in another, showed cross-reactivity 
with a range of non-target fecal samples (Figure 2).

Gull Detection
 Of the gull methods, Gull2SYBR and 
LeeSeaGull performed with >80% sensitivity and 
specificity in all laboratories (Figure 2; Table 3).  
The Gull2 method generally showed cross-reactivity 
with the goose and pigeon fecal samples, while 
the LeeSeaGull method cross-reacted with pigeon.  
Implications of the cross reactivity with other birds 
is discussed by Sinigalliano et al. (2013).  While 
the community profiling assays did not report good 
sensitivities to gull feces, all 3 assays were specific 
(>92%; Figure 2).  

Pig Detection
 PF163, PigmtDNA, PhyloChip, and 
Bacteroidales TRFLP all performed well with both 
sensitivities and specificities greater than 80% for 
all performing laboratories (Figure 3; Table 3).  The 
QPCR method Pig2Bac showed high sensitivity, but 
reduced specificity (Figure 3), cross-reacting with 
dog and human feces, as well as septage.  

Dog Detection
 BacCan was performed by a single laboratory 
and was the only dog method that performed with 
sensitivity and specificity >80% (Figure 3; Table 3).  
DogBact had good sensitivity (>80%), but poor 
specificity in all but one laboratory; one laboratory 
reported specificity as low as 2% (Figure 3).  The 
method showed cross-reactivity with all types of 
non-dog fecal samples.  None of the three community 
profiling methods performed with sensitivity >80% 
for dog, but all had high specificity (>93%; Figure 3).  
Dog assay performance is further explored in a 
companion paper (Schriewer et al. 2013).  

Horse Detection
 HoF597 was performed by four laboratories and 
performed well in all but one laboratory, where the 
sensitivity was 50% because the genetic marker was 
not detected in one of two horse singleton and one 
of two horse/septage doubleton samples (Figure 3; 
Table 3).  The PhyloChip and Bacteroidales 
TRFLP community methods also performed well, 
with sensitivities and specificities over 80%.  The 
Universal TRFLP performed above the 80% in one of 
the two participating laboratories (Figure 3).  

Sheep Detection
 No sheep feces were included in our study.  
However, one laboratory performed the sheep-asso-
ciated method, Omvito.  This method did not detect 
its target in any of the challenge samples, indicating 
it potentially could be highly specific (Figure 3).  Its 
sensitivity could not be evaluated.  

Other Fecal Hosts
 The ability of the three community profiling 
methods to detect chicken, goose, and deer feces 
were evaluated in the challenge samples; there were 
no individual gene-based assays included in the 
study that are specific for these feces.  PhyloChip 
performed with sensitivities and specificities 
exceeding 80% for both chicken and deer feces 
(Figure 3).  The two TRFLP methods (Universal 16S 
and Bacteroidales 16S) were sensitive and specific 
against deer feces (Figure 3; Table 3).  None of the 
community methods detected goose feces based 
at the 80% sensitivity metric, but all reported high 
specificity (>93%; Figure 3).

Quantitative Analysis 
 The binary analysis does not take advantage 
of the quantitative nature of some of the methods.  
Methods with low levels of cross-reactivity are 
penalized in the same manner as methods with 
high levels of cross-reactivity in a binary analysis; 
however such methods may be useful for MST 
applications.  Similarly, methods that detect highly 
abundant genes in target feces may be preferable 
over those that detect less abundant genes; yet these 
methods also cannot be identified from the results of 
a binary analysis.  
 The abundance of MST genetic markers in both 
target and non-target singleton challenge samples 
were examined to identify sensitive and specific 
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quantitative MST methods.  Because a different 
amount of feces was filtered onto each challenge 
filter (Figure 1), the MST method results were 
normalized to the amount of feces as measured by 
the number of CFU ENT.  For completeness, some 
summary results are also presented using mass of 
DNA and copies of genbac3 as normalization factors.  
Even though some virus and phage methods were 
performed using quantitative techniques (Table SI-2), 
those results were not included in this analysis due to 
poor performance in the binary analysis (Figure 2).  

Human Quantification
 The abundance of human MST genes in 
target (i.e., human) challenge samples tended to 
be higher than in non-target (i.e., other animal) 
challenge samples (Figure 4; Table SI-3), but the 
difference in gene abundance between human and 
non-target samples varied by method.  In the case of 
HF183Taqman, HumM2, BacH, gyrB, and Btheta, 
genetic marker abundance on a per CFU ENT 
basis was lower in non-target relative to the human 
challenge samples (Figure 4).  For these methods, 

Figure 3.  Sensitivity and specificity of pig, horse, chicken, deer, goose, and sheep assays calculated from binary 
presence/absence data.  Open circles are used for sensitivity, shaded squares are used for specificity.  The number 
of laboratories that ran each assay is listed in square brackets next to the assay name (left axis).  Note that for 
some assays, results from two or more laboratories were identical and symbols may overlap.
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non-target samples did not amplify at levels higher 
than the human samples (Table 4).  However, these 
human-associated methods gave ND or DNQ for 
some human challenge samples (Table SI-3) suggest-
ing reduced sensitivity at times.  The ND and DNQ 
in human samples occurred exclusively in sewage 
and septage samples and were most common for the 
1:10 diluted sewage and septage samples.  As shown 
in Figure 1, the 1:10 diluted septage and sewage 
samples had relatively small amounts of fecal mate-
rial.  In general, MST gene abundance was higher 
in the human fecal challenge samples, than in the 
septage and sewage samples (Figure 4).  
 HF183SYBR, BacHum, BsteriF1, and nifH 
measured genetic marker abundances at similar levels 
in target and some non-target fecal samples (Figure 
4; Table 4) suggesting reduced specificity for these 
assays.  BacHum had the greatest cross-reactivity 
with deer, BsteriF1 with dog, HF183SYBR with deer, 
and nifH with pig.  However, these assays also gave 
many ND or DNQ for non-target samples (Table SI-
3); over 50% of the non-target challenge samples 
tested returned results in these categories.
 Most human-associated methods amplified less 
than 10% of the tested non-human fecal samples at 
levels on par with the human samples (Table 4).  The 
exceptions were nifH and BacHum which cross-
reacted with 19 and 11% of the non-target samples 

they were challenged with, respectively.  The human 
methods that showed no cross-reactivity within the 
concentration range measured in human samples 
include BacH, Btheta, gyrB, HF183Taqman, and 
HumM2.  
 All of the methods showed good sensitivity for 
some or all of the target challenge samples in that 
the genetic markers were present at greater than 
50 copies per CFU ENT (Figure 4).  However, the 
lower genetic marker abundance sewage and septage 
forced the medians of genetic marker abundances in 
target samples to be lower than 50 copies per CFU 
ENT for nifH, Btheta, gyrB, and HumM2 (Table 5).  
Following the study criterion that a sensitive method 
should provide a median of 50 copies per CFU ENT 
for target samples, the following methods were 
sensitive: BacH, BacHum, BsteriF1, HF183SYBR, 
and HF183Taqman.

Cow/Ruminant Quantification
 All cow/ruminant methods show limited cross-
reactivity with the exception of BacCow (Figure 
5c).  The abundance of BacCow per CFU ENT was 
as high in all deer and some pig samples, as it was in 
cow challenge samples (Table 4).  This suggests that 
this assay may be better represented as a ruminant 
method (Raith et al. 2013).  

Figure 4.  Human assays normalized by CFU ENT.  The number below each assay is the number of performing 
laboratories.  The number of copies per CFU ENT for quantitative human assay for the assay’s target (squares) 
and nontarget (circles) fecal samples.  Symbol color denotes specific fecal source.  Results within the range of 
quantification are plotted against the left axes.  Samples where the assay target was detected but not quantified 
(DNQ) and not detected (ND) are plotted against the right axes.  
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All methods with the exception of BacCow showed 
good specificity (Table 4) in that no non-target 
samples had abundances on par with the target 
samples.  Even for BacCow, only 7% of the tested 
non-targets cross-reacted at concentrations similar 
to those in the cow fecal samples and most of these 
non-target samples were deer feces.  
 In terms of the sensitivity metric, BacCow was 
the only cow-associated method with a median 
abundance greater than 50 copies per CFU ENT in 
target samples (Table 5).  Both ruminant methods 
measured median abundance greater than 50 copies 
per CFU ENT for target challenge samples.  Thus, 
BacCow, Rum2Bac, and BacR were deemed sensi-
tive.  CowM2 and CowM3 did not meet the sensitiv-
ity benchmark.  They were each not detected in one 

cow sample (a 1:10 diluted challenge sample), and 
were generally found in relatively lower abundance 
on a per CFU basis (Figure 5c).  

Gull Quantification
 Gull2SYBR and Gull2Taqman showed cross-
reactivity with non-target fecal samples, while the 
LeeSeaGull showed more limited cross-reactivity 
(Figure 5b; Table 4).  Cross-reactivity, defined 
as abundance of marker on a per CFU basis in 
non-target fecal samples on par with that in gull 
feces, for the Gull2 assays occurred with all types of 
challenge samples, but was greatest for the pigeon, 
goose, septage, cow, pig, human, and deer feces, 
where abundance on a per CFU ENT basis was 
similar to the gull samples.  The only samples that 

Table 4.  The number (and percent in parentheses) of non-target challenge samples for which source-specific 
quantitative assays measured gene abundances (normalized per CFU ENT) at levels higher than those measured 
in the target samples in the range of quantification (ROQ).  Results are broken down by fecal source, with the total 
and percent of non-target challenge samples that amplified in the ROQ shown in the bottom row.  Top panel shows 
the human assays, bottom panel shows the remaining assays.  Shaded cells indicate that these are the target 
challenge samples for the particular assay.
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LeeSeaGull cross-reacted with were pigeon samples, 
but the abundance of LeeSeaGull in pigeon samples 
was lower than that of the gull samples.  Thus, 
the LeeSeaGull method met the study specificity 
criterion.  However, it should be noted that the 
LeeSeaGull assay was tested by just one laboratory; 
a companion paper (Sinigalliano et al. 2013) tested 
it further.  Cross reactivity between gull assays and 
non-gull avian feces suggest these assays may be 
better described as bird assays (Sinigalliano et al. 
2013).
 The LeeSeaGull method quantified genes in all 
gull challenge samples.  The median abundance of 
the LeeSeaGull marker in gull feces was 55 copies 
per CFU ENT and thus met the study sensitivity 
criterion (Table 5).  The median abundance measured 
using the Gull2 methods was less than 50 copies per 
CFU ENT; they did not quantify genes in some of the 
gull 1:10 challenge samples.  

Dog Quantification
 Both DogBact and BacCan showed cross-reac-
tivity with non-target samples (Figure 5a; Table 4).  
BacCan cross-reacted with septage, goose, and cow 
challenge samples, but only the goose and septage 
amplified at levels on par with levels in dog feces.  
DogBact cross-reacted with every type of sample, 
measuring gene abundance per CFU ENT in many 
non-targets on par with dog fecal samples.  BacCan 
measured gene abundances in two (6%) non-target 
samples on par with the dog fecal samples.  While 
none of the dog assays met the specificity criterion, 
BacCan performed better than DogBact.  BacCan 
was tested by a single laboratory in the present study, 
but further testing of the assay is described in a 
companion paper (Schriewer et al. 2013).  
 Both dog methods measured median gene 
abundances greater than 50 copies per CFU ENT 

Table 5.  Performance of quantitative MST assays normalized by CFU ENT.  The number and percent of non-target 
samples measuring copies per CFU in the range measured in target samples is provided in column labeled ‘non-
target in target range’; assays for which this is 0 are deemed specific.  The median copies/CFU measured in target 
challenge samples is provided.  The second number for the human assays (the number following the comma) 
shows the median if DNQs and NDs are not included in the median calculation.  Assays with a median greater than 
50 copies/CFU are deemed sensitive.  Both sensitive and specific assays are indicated.  An ‘*’ indicates that the N 
would change to Y if the median that does not include DNQs and NDs is used.  The number of laboratories (N) that 
ran the assay is provided.  Assays run by a single laboratory will require further testing.  
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in target challenge samples (Table 5); they also 
measured genes in all target samples.  

Pig Quantification
 Only one quantitative pig method was tested and 
it was both sensitive and specific (Figure 5d; Table 
4).  The Pig2Bac method measured gene abundances 
well above 50 copies per CFU ENT in all target 
challenge samples (Table 5).  The assay cross-reacted 
with a single non-target sample (pigeon) in one 
laboratory at a low level, below those observed in the 
pig challenge samples.  

Assay Specificity under Different 
Normalizations
 Measured gene abundance in each challenge 
sample was normalized by the copies of genbac3 and 

DNA mass in the challenge samples (Figure 1).  The 
specificity analyses were repeated (Tables SI-4, SI-5, 
and SI-6) for each assay, the number of non-target 
samples that had gene abundance per genbac3 and 
DNA mass in the same range as those measured 
in target fecal samples was determined.  Specific 
methods identified using the ENT-MF normalization 
were also specific using genbac3 and DNA mass 
for normalization.  For a few methods, changing 
the normalization scheme resulted in one or two 
more non-target fecal samples having abundances 
on par with those found in the assays’ target fecal 
samples.  All of the methods that were identified as 
‘not-specific’ using ENT-MF normalization were 
also ‘not-specific’ using the alternative normalization 
schemes, with two exceptions.  Both dog-associated 
methods were specific when their results were 
normalized to mass of DNA (Schriewer et al. 2013).  

Figure 5.  The number of copies per CFU ENT for each dog (panel a), gull (panel b), cow/ ruminant (panel c), and 
pig (panel d) assay for the assays’ target (squares) and non-target (circles) fecal samples.  The number below each 
assay is the number of performing laboratories.  Symbol color denotes the specific fecal course (see color legends 
for each panel).  Results within the range of quantification are plotted against the left axes.  Samples where the 
assay target was detected but not quantified (DNQ) and not detected (ND) are plotted against the right axes.  
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dIscussIon
 The study findings indicate there has been a 
substantial advance in MST methodology during the 
last decade.  Similar blind-sample method evaluation 
studies conducted in the early 2000s found that 
cultivation-based library-dependent methods that 
were state-of-the-art at the time performed poorly 
(Griffith et al. 2003, Stoeckel et al. 2004).  The pres-
ent study found that numerous library-independent 
methods developed in subsequent years, including 
those for detecting human, cow, gull, ruminant, 
pig, and horse feces, are both sensitive and specific.  
Additionally, it found that fecal material for which 
source-associated genetic markers, such as chicken 
and deer, that were not included in this study could 
be identified reliably by several community-based 
methods.  
 A few methods evaluated in the present study 
produced only presence-absence information 
(conventional PCR, community analysis, canine 
scent tracking approaches), but most also produced 
quantitative information.  When examined from both 
a presence-absence and quantitative perspective, 
some methods (HF183Taqman, Pig2Bac, and BacR 
in particular) performed better when evaluated 
quantitatively.  This is because when these assays 
cross-reacted with non-target feces, it was at a low 
level.  In the presence-absence evaluation, low 
level cross reactivity is classified as a false positive; 
however, when considered in the quantitative evalu-
ation, cross reactivity at low levels (i.e., levels lower 
than those observed for the target fecal samples) did 
not count as false-positives.  There were, however, 
a few cases in which quantitative assays performed 
better in the presence-absence analysis and this is 
because they did not meet the quantitative sensitivity 
criterion that required 50 copies per ENT-CFU.  One 
reason methods may have not met this criterion is 
the low levels of the fecal material in some target 
samples; this was particularly a concern for sewage 
and septage samples.  Inconsistencies between 
performance in the presence-absence and quantitative 
assessments highlight the importance of selecting 
an appropriate lower threshold for classifying a 
response, which is further explored in Layton et al. 
(2013), Raith et al. (2013), Schriewer et al. (2013), 
and Sinigalliano et al. (2013).  
 The concern about how to interpret low concen-
tration responses highlights the diverse approaches 
used to interpret high QPCR Cq values observed by 
numerous laboratories participating in this study.  

While some laboratories designated a lower limit of 
quantification (LLOQ) and deemed samples with a Cq 
higher than this limit as detected but not quantified 
(DNQ), other laboratories assigned concentrations to 
samples with Cq values higher than that of the LLOQ 
by extending the standard curve beyond the lowest 
standard tested; still others ignored high Cq values 
and assigned not detected (ND) to such samples.  
Additionally, laboratories reported vastly different 
LLOQ values.  In this overview analysis, results sub-
mitted by the laboratories without modification and 
assigned DNQ as positive were used.  The impact of 
variable LLOQ assignments is further explored in 
Layton et al. (2013), Raith et al. (2013), Schriewer 
et al. (2013), and Sinigalliano et al. (2013).  These 
authors found assigning DNQ as negative rather than 
positive resulted in increased specificity and reduced 
sensitivity for some assays.  
 Assessment of quantitative method success 
depends in part on the approach used to assign the 
amount of fecal material in the challenge samples.  
Data were collected that allow for fecal material to 
be measured using fecal mass, DNA mass, general 
Bacteroidales genetic markers, and culture-based 
Enterococcus measured by membrane filtration 
and by defined substrate assays.  Samples were 
defined based on Enterococcus using membrane 
filtration because the most common application of 
MST methodologies is identification of the sources 
of fecal contamination that have led to enterococci 
standards exceedances at a beach.  However, al-
ternative definitions could be more appropriate for 
other applications.  For these reasons, specificity 
analyses using DNA mass and general Bacteroidales 
(genbac3) were repeated to quantify the amount of 
feces in the challenge samples.  Performance of a few 
methods improved, as further detailed in Layton et al. 
(2013), Raith et al. (2013), Schriewer et al. (2013), 
and Sinigalliano et al. (2013), but overall conclu-
sions about performance of most methods based 
on singleton and 1:10 diluted single source filters 
were unaffected by the different sample definitions.  
However, further work will need to verify if method 
performance is affected by source definitions when 
more than one animal source is present, i.e., double-
ton filters (Cao et al. 2013, Ervin et al. 2013, Layton 
et al. 2013).
 Another factor affecting our assessment was 
treatment of sewage and septage samples as human 
fecal sources.  These sources were included because 
they are routinely monitored for management action.  
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Inclusion of these sources was also based on interest 
in evaluating MST methods that measure a target, 
such as a pathogen, phage, or rare gene sequence that 
is more likely to be found in samples from a group 
of humans, rather than in individual human fecal 
samples.  Sewage and septage, though, can also con-
tain pet fecal material or wildlife feces that infiltrates 
through leaks in the system or is consciously added 
to the system by users.  In addition, it was observed 
that septage and sewage generally contained fewer 
human MST genetic markers on a per CFU ENT 
basis than human feces, suggesting differential decay 
of cultivated Enterococcus and host-associated 
genetic markers while aging during their storage 
and transport in conveyance systems (i.e., sewer 
lines, storage tanks).  Removing septage and sewage 
samples from our analysis did not materially affect 
the assessment for most methods, but the lower ratio 
of MST genetic markers to ENT-MF in these sources 
did contribute to reduced sensitivity of some human 
methods, such as gyrB and HumM2.
 A subset of the best performing assays were 
tested by just one laboratory and in many cases, that 
laboratory was the developer.  Those assays (BacH, 
gyrB, LeeSeaGull, Rum2Bac, CF193, CowM3, 
BacCan, pigmtDNA, and PhyloChip) need to be 
further tested to document their portability across 
laboratories.  Participating laboratories began this 
process; LeeSeaGull and BacCan assays were 
subjected to further testing on unblinded samples in 
Schriewer et al. (2013) and Sinigalliano et al. (2013).  
 While the results from this study are encourag-
ing, it is important to recognize that they represent 
a best-case scenario for method performance.  First, 
only 12 fecal sources were assessed, leaving many 
other sources that can potentially cross-react yet to be 
assessed.  Second, the combinations were limited to 
two sources, whereas field samples may contain more 
sources that can potentially interfere with the meth-
ods.  Third, fresh fecal material was used, and MST 
targets may degrade at a different rate compared to 
cultivated Enterococcus cells (Walters et al. 2009, 
Schulz and Childers 2011, Jeanneau et al. 2012), 
which would affect interpretation when aged fecal 
material is discharged into ambient waters.  Fourth, 
the feces were suspended in artificial freshwater free 
of background microorganisms or other constituents 
that can interfere with nucleic acid isolation and 
detection.  Fifth, it is important to recognize that the 
challenge sample fecal material was collected from 
California, potentially limiting applicability to other 

areas of the country or overseas.  While multiple 
specimens were collected from each of four diverse 
geographic areas of the state, repeating a method 
assessment in other locales is warranted.  Sixth, 
while this study evaluated the performance of MST 
markers in defined samples, field testing at beaches 
is needed as some of the assays were developed for 
use other types of environments (e.g., BacH and 
BacR were developed for use in alpine watersheds in 
Europe (Reischer et al. 2006, 2007).  Finally, work is 
also needed to develop frameworks that use marker 
concentrations in ambient waters for fecal source 
allocation (Kinzelman et al. 2011, Wang et al. 2013), 
risk assessment, and identification of human or other 
animal-dominated polluted beaches.  
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