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Accurate assessment of health risks associated with bovine (cattle) fecal pollution requires a reliable
host-specific genetic marker and a rapid quantification method. We report the development of quantitative
PCR assays for the detection of two recently described bovine feces-specific genetic markers and a method for
the enumeration of these markers using a Markov chain Monte Carlo approach. Both assays exhibited a range
of quantification from 25 to 2 x 10° copies of target DNA, with a coefficient of variation of <2.1%. One of these
assays can be multiplexed with an internal amplification control to simultaneously detect the bovine-specific
genetic target and presence of amplification inhibitors. The assays detected only cattle fecal specimens when
tested against 204 fecal DNA extracts from 16 different animal species and also demonstrated a broad
distribution among individual bovine samples (98 to 100%) collected from five geographically distinct loca-
tions. The abundance of each bovine-specific genetic marker was measured in 48 individual samples and
compared to quantitative PCR-enumerated quantities of rRNA gene sequences representing total Bacteroidetes,
Bacteroides thetaiotaomicron, and enterococci in the same specimens. Acceptable assay performance combined
with the prevalence of DNA targets across different cattle populations provides experimental evidence that

these quantitative assays will be useful in monitoring bovine fecal pollution in ambient waters.

Fecal pollution continues to affect the quality of environ-
mental waters despite the development of numerous methods
to enumerate fecal indicator bacteria (FIB) and discriminate
among different potential sources. The U.S. Environmental
Protection Agency (EPA) currently recommends the enumer-
ation of enterococci and/or Escherichia coli as standard indi-
cators of fecal pollution for marine water and freshwater, re-
spectively (37). For some time researchers and water quality
managers have recognized the advantages and limitations of
using culture-dependent FIB for water quality monitoring.
Traditional membrane filtration and most-probable-number
methods such as EPA method 1600 (38) and Enterolert (Idexx
Laboratories Inc., Westbrook, ME) for enterococci and EPA
method 1603 and Colilert-18 (Idexx Laboratories) for E. coli
provide quantitative data for fecal indicators that have been
associated with human health risks. However, fecal bacterial
indicators such as enterococci and E. coli can persist or even
grow in various extraintestinal habitats such as soils and sedi-
ments (1, 8, 12, 40, 41) and thus reappear in the water column
long after initial fecal discharge events. In addition, these FIB
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are common to feces produced by humans and other animals,
making it difficult to determine the origins of fecal contamina-
tion. These shortcomings have led researchers to identify al-
ternative fecal indicators that can discriminate among animal
sources.

There are currently a number of microbial source tracking
(MST) techniques available that can determine the presence or
absence of fecal contamination from specific animal groups.
Quantitative MST methods are particularly promising because
they can allow for the estimation of fecal concentrations from
a particular animal group and be used to develop fate and
transport, mechanistic, and probabilistic models of bacterial
loading over a range of conditions in water bodies. Currently
available host-specific quantitative PCR (qPCR) methods de-
signed to detect bovine fecal pollution can discriminate only
between ruminant and nonruminant sources (20, 25). The de-
velopment of bovine-specific qPCR assays has been restricted
in part by the limited amount of genetic variation in the rRNA
genes, which have been most commonly targeted by host-spe-
cific PCR methods. Several researchers have asserted that
chromosomal genes directly involved in bacterium-host inter-
actions may retain increased levels of host-specific genetic vari-
ation, making them more useful for the development of host-
specific qPCR assays (16, 31, 32). A recent metagenomic
survey of a bovine fecal bacterial community using genome
fragment enrichment has led to the identification of several
hundred candidate host-specific chromosomal sequences (30,
31). However, there is concern that these presumptively host-
specific sequences may not be abundant or uniform enough
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TABLE 1. Oligonucleotides, primers, and probes

Assay Primer and probe sequences (5'—3") Size (bp) Reference or source

Btheta Forward, CGTTCCATTAGGCAGTTGGT; reverse, ACACGGTCCAAACTCCTACG; 110 Blackwood and Noble”
probe, FAM-CTGAGAGGAAGGTCCCCCACATTGGA-TAMRA

GB342 Forward, GGGGTTCTGAGAGGAAGGT; reverse, AGTAGCGTGAAGGATGACGG; 129 28
probe, FAM-CAATATTCCTCACTGCTGCCTCCCGTA-TAMRA

Enterol Forward, AGAAATTCCAAACGAACTTG; reverse, AATGATGGAGGTAGAGCAC 92 21
TGA; probe, FAM-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-TAMRA

CowM2 CowM2F, CGGCCAAATACTCCTGATCGT; CowM2R, GCTTGTTGCGTTCCTTGA 92 This study
GATAAT; probe, FAM-AGGCACCTATGTCCTTTACCTCATCAACTACAGACA-
TAMRA

CowM3 CowM3F, CCTCTAATGGAAAATGGATGGTATCT; CowM3R, CCATACTTCGCCT 122 This study
GCTAATACCTT; probe, FAM-TTATGCATTGAGCATCGAGGCC-TAMRA

Cow IAC Fragl, CGGCCAAATACTCCTGATCGTCCTCTAATGGAAAATGGATGGTATCTA 152 42; this study

TTACTCATAGGCACTAGGAACAGGCGGCGACGAAACTACAGACAAAATTA
TCTCAAGAACG; Frag2, CCATACTTCGCCTGCTAATACCTTAAGGACATAGG
CTTGTTGCGTTCCTTGAGATAATTTTGTCTGTAGTTTCGTCGCCGCCTGTTC
CTAGTGCCTATGAGTAATAGATA; probe, VIC-TAGGAACAGGCGGCGACG

A-TAMRA?

“ Presented at the 105th General Meeting of the American Society for Microbiology.

? The TagMan probe was modified from the previously reported UT probe (42).

within host fecal bacterial populations to be as easily detected
as the more highly conserved and multiple-copy rRNA genes,
particularly when they are diluted in the environment. Based
on these considerations, the next step in the development of
these chromosomal bacterial gene sequences for MST appli-
cations is to design qPCR assays to evaluate their abundance
relative to FIB rRNA genes and to establish their range of
concentrations within host populations.

Here we report the development of two qPCR assays for the
enumeration of previously described bovine-specific genetic
markers (31). qPCR data analysis was achieved by employing a
Markov chain Monte Carlo (MCMC) approach (M. Sivaganesan,
S. Seifring, M. Varma, R. A. Haugland, and O. C. Shanks,
submitted for publication). qPCR performance characteristics,
including specificity, range of quantification (ROQ), limit of
quantification, amplification efficiency, and precision, were de-
fined for each assay. Internal amplification controls (IACs)
were designed to monitor for the presence of inhibitors that
could inadvertently copurify with target DNA and confound
copy number estimations. Finally, the abundance of each bo-
vine-specific genetic marker was measured by qPCR analysis in
individual fecal samples randomly collected from five different
cattle populations and compared to similarly determined quan-
tities of TRNA genes from Bacteroidetes, Bacteroides thetaio-
taomicron, and enterococci fecal bacteria. The analysis of sev-
eral hundred fecal samples suggests that the genes targeted by
these host-specific qPCR assays are both abundant and stable
within host populations.

MATERIALS AND METHODS

Sample collection. Two hundred four individual fecal samples and five waste-
water samples were collected for comparisons as previously described (31). Fecal
specimens represented a total of 16 different animal species that likely affect
watersheds nationwide and six bovine herds from separate geographic locations
(herds 1 to 4 [various locations in Washington, summer 2005], herd 5 [Wyoming,

summer 2005], and herd 6 [West Virginia, summer 2002]). Wastewater samples
represent five different human populations collected from Mason, OH; Lowery,
OH; Dry Creek, OH; Fairfield, OH; and Dayton, OH.

DNA extraction from fecal and wastewater samples. All DNA extractions were
performed with the FastDNA kit for soils (Q-Biogene, Carlsbad, CA) as de-
scribed previously (31). DNA extract yields were quantified with a NanoDrop
ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE).
A general Bacteroides-Prevotella 16S rTRNA gene PCR assay was used to verify
the presence of fecal bacterial DNA in each extract prior to qPCR analysis (4).

Oligonucleotides and primers. TagMan probe and primer assays targeting the
rRNA genes of the FIB groups Enterococcus (Enterol), Bacteroidetes (GB342),
and B. thetaiotaomicron (Btheta) are reported elsewhere (21, 28; A. D. Black-
wood and R. T. Noble, presented at the 105th General Meeting of the American
Society for Microbiology, Atlanta, GA, 2005). Bovine-specific assay probe and
primer sequences (Table 1) were designed with Primer Express software (Ap-
plied Biosystems, Foster City, CA) based on alignments of 62 DNA sequences
isolated from PCR products amplified by previously reported bovine-specific
PCR assays one and two (31) (data not shown). Amplicons were incorporated
into the pCR4-TOPO plasmid vector as described by the manufacturer (Invitro-
gen, Carlsbad, CA). Individual clones were isolated and sequenced as described
elsewhere (30). DNA sequence reads were assembled with SeqMan II (DNAstar,
Inc., Madison, WI) and aligned with ClustalW (36). Briefly, sequence analysis of
the CowM?2 locus yielded 32 sequences. Two variant sequences were observed,
each with a single polymorphism (A—G and G—A, respectively) in the probe
hybridization region. Thirty sequences were aligned for the CowM3 locus, with
one variant sequence observed with a single polymorphism (A—G) in the 5’
region of the CowM3R primer (Table 1). Primers and TagMan probes were
designed using the default parameters of the Primer Express software (version
1.5; Applied Biosystems). Fluorogenic probes were 5’ labeled with 6-carboxy-
fluorescein (FAM), VIC, or tetrachlorofluorescein (TET) and 3’ labeled with
6-carboxytetramethylrhodamine (TAMRA). Optimal primer and probe reaction
concentrations were determined according to a standard Applied Biosystems
protocol (2).

Putative bovine-specific qPCR CowM2 and CowM3 primer probe sets (Table
1) were tested for specificity with animal fecal and wastewater sample composites
(5 ng DNA template per PCR assay). Reference fecal sample composites rep-
resented 16 animal species, including Lama pacos (alpaca; n = 2), Anser sp.
(Canadian goose; n = 12), Felis catus (cat, n = 10), Gallus gallus (chicken, n =
10), Bos taurus (bovine, n = 60), Odocoileus virginianus (deer, n = 6), Canis
familiaris (dog, n = 10), Anas sp. (duck, n = 12), Capra aegagrus (goat, n = 10),
Equus caballus (horse, n = 5), Homo sapiens (human, n = 16), Pelecanus sp.
(pelican, n = 5), Sus scrofa (pig, n = 12), Laridae (gull, n = 12), Ovis aries,
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FIG. 1. Diagram of bovine-specific (A) and fecal indicator (B) plasmid DNA composite IAC constructs. The bovine-specific IAC (152 bp)
consists of a VIC-labeled universal probe binding site flanked by primer sequences for CowM2 (118 bp) and CowM3 (131 bp) qPCR assays. The
fecal indicator IAC (261 bp) contains a binding site for a TET-labeled universal probe and primer sequences for GB342 (160 bp) (28), Btheta (146
bp) (Blackwood and Noble, presented at the 105th General Meeting of the American Society for Microbiology), and Enterol (106 bp) (21) gPCR

assays (Table 1).

(sheep, n = 10), and Meleagris sp. (turkey, n = 7), and wastewater primary
effluent (n = 5).

Genomic DNA preparations from pure bacterial cultures. American Type
Culture Collection (ATCC) bacterial strains were used to prepare genomic DNA
calibration standards for the general FIB qPCR assays as previously described
(17; Sivaganesan et al., submitted).

Construction of IACs and plasmid DNA standards. Two plasmid DNA con-
structs were developed using the composite primer technique (34). Plasmid DNA
constructs were designed to function as TAC DNA targets that can be spiked into
DNA extracts to monitor for PCR inhibition and also as potential plasmid DNA
standards for qPCR assay calibration curves (8). Both IAC constructs were
designed to generate PCR amplicons ranging from 9 to 36 bp longer than the
corresponding native DNA templates to help ensure that the native DNA PCR
assays maintained a competitive edge in multiplex applications. In addition, each
TAC contains a single site for hybridization of a unique TagMan VIC- or TET-
labeled probe sequence flanked by multiple primer binding sequences (Table 1;
Fig. 1). To build the bovine assay IAC constructs, long oligonucleotides (>100
bp) (Table 1) containing multiple primer sequences (31) were designed such that
their 3’ ends overlapped. The two overlapping fragments were then combined
into a single DNA molecule using overlap extension PCR (18). The IAC con-
struct for the FIB assays was built as previously described (Sivaganesan et al.,
submitted). IAC constructs were then inserted into the pCR4 TOPO plasmid
vector (Invitrogen), and the resulting recombinant plasmids were purified from
transformed E. coli cell cultures using a Qiagen plasmid purification kit (Qiagen,
Valencia, CA). IAC plasmid DNA was linearized by a NotI restriction digestion
(New England BioLabs, Beverly, MA), quantified with a NanoDrop ND-1000
UV spectrophotometer (NanoDrop Technologies), and diluted in 10 mM Tris,
0.1 mM EDTA (pH 8.0) to generate samples ranging from approximately 25 to
2.5 X 10° molecules of template DNA for bovine-specific assays and from
approximately 100 to 4 X 10* molecules for the FIB assays.

qPCR assays and quantification. Five qPCR assays were used in this study,
including CowM2, CowM3, GB342, Btheta, and Enterol (Table 1). Amplifica-
tion was performed in either an ABI Prism 7000 or 7900 HT fast real-time
sequence detector (Applied Biosystems). Reaction mixtures (25 wl) contained
1X TagMan universal PCR master mix with AmpErase uracil-N-glycosylase
(Applied Biosystems), 0.2 mg/ml bovine serum albumin (Sigma), 1 .M of each
primer, 80 nM FAM- or VIC-labeled TaqgMan probe (Applied Biosystems), and
either 1 to 100 ng genomic DNA (fecal and wastewater samples), 25 to 2.5 X 10°
target gene copies (bovine IAC plasmid DNA), or 100 to 4 X 10* target gene
copies (FIB IAC plasmid or purified genomic DNA). Reaction mixtures for
multiplex applications were the same as described above with the additions of
both 80 nM of VIC- or TET-labeled TagMan probes for IAC plasmid DNA and
80 nM of FAM-labeled TagMan probe for native DNA targets and of 25 to 50
copies of IAC plasmid DNA together with the genomic DNA samples. All
reactions were performed in triplicate in MicroAmp optical 96-well reaction
plates with MicroAmp optical caps (Applied Biosystems). Thermal conditions
were as follows: 50°C for 2 min to activate uracil-N-glycosylase, followed by 10
min of incubation at 95°C to activate AmpliTaq Gold enzyme and then 40 cycles
of a short denaturation at 95°C for 15 s and a combined annealing and primer
extension phase at 60°C for 1 min. Data were initially analyzed with Sequence
Detector software (version 2.2.2) at threshold determinations of 0.08 for bovine-

specific assays (CowM2 and CowM3) and 0.03 for FIB assays (GB342, Btheta,
and Enterol). Threshold cycle (C;) values were exported to Microsoft Excel for
further statistical analysis. Contaminating DNA from the laboratory environ-
ment, including other samples and amplification products, was limited by using
dedicated equipment and separate laboratories for DNA extraction, PCR re-
agent mixing, addition of DNA template to PCR microtubes, and qPCR ampli-
fication. In addition, a minimum of three no-template amplifications with puri-
fied water substituted for template DNA were performed for each 96-well PCR.

Calculations and statistical analysis. Master calibration curves, unknown
DNA concentration estimates, and credible intervals were determined using an
MCMC approach (6, 13-15; Sivaganesan et al., submitted). MCMC calculations
were performed using the publicly available software WinBUGS version 1.4.1
(http://www.mrc-bsu.cam.ac.uk/bugs) (22). Run-to-run variability was incorpo-
rated using a hierarchical Bayesian model. Standard noninformative priors and
the prior recommended by DuMouchel (35) were used to obtain posterior
distributions of unknown parameters. See the supplemental material for lists
containing the WinBUGS program code and resulting data output used to
develop modified master calibration curves for CowM2 and Cow M3 plasmid
DNA standards. Posterior mean, standard deviation, and lower and upper 95%
credible bounds for most of the unknown parameters are also given in the
supplemental material.

One-way analysis of variance (ANOVA) tests comparing simplex and multi-
plex Cy values from reactions with a fixed amount of IAC were used to define the
range where competition from target DNA did not interfere with quantification
of the IAC. The precision of C; measurements determined from plasmid or
genomic DNA standards was expressed as a percent coefficient of variation
(%CV) (standard deviation expressed as a percentage of the mean). To estimate
within-herd variance (o) and differences between herds, two-way nested
ANOVA was used. In this analysis, bovine population was a fixed factor and fecal
samples were the random factor nested within a respective bovine population.
ANOVA tests were performed using SAS (SAS Institute, Cary, NC) with the
procedures “PROC MIXED” and “PROC GLM” (27).

RESULTS

Calibration curves and ROQ. To generate calibration curve
equations for FIB assays, C; values from four independent
runs were plotted relative to the corresponding dilution of
genomic DNA standards extracted from enumerated cell sus-
pensions of the respective ATCC bacterial strains (Table 2).
The MCMC approach was used to simultaneously estimate the
mean difference in slopes and intercepts between IAC plasmid
and genomic DNA standard curves reported elsewhere (Siva-
ganesan et al., submitted) and to adjust plasmid-derived stan-
dard curves for the CowM2 and CowM3 assays (Table 2; Fig.
2). Because the standard curves for FIB assays and bovine-
specific assays are estimated simultaneously, errors in esti-
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TABLE 2. Calibration curve equations and performance characteristics of qPCR assays

Amplification ROQ (copies) for %CV across

Assay DNA type® Calibration equation efficiency® target DNA ROO Method”
CowM?2 Plasmid y = —3.58¢ + 41.2° 1.90 25-2.5 X 10° 2.08 Multiplex
CowM3 Plasmid y = —3.67x + 42.6° 1.87 25-2.5 X 10° 1.18 Simplex
Btheta Genomic y = —3.43x + 39.1 1.96 100-4 x 10* 0.63 Multiplex
GB342 Genomic y = —327x + 38.8 2.02 1004 x 10* 1.11 Multiplex
Enterol Genomic y = —3.53x + 38.2 1.92 100-4 x 10* 1.57 Multiplex

“ DNA standards from which the calibration equation was generated (Fig. 2).
? The calibration equation was adjusted based on posterior mean differences in slope and intercept between genomic and plasmid DNA-generated standard curves

from Btheta, GB342, and Enterol assays.
¢ Amplification efficiency = 10/ ~slope),

4 Either a simple approach or multiplex strategy where the target DNA was simultaneously detected with an TAC.

mates for all model parameters are included in confidence
bounds for calibration equations. After incorporation of these
mean adjustments, the posterior mean slopes and intercepts
for the bovine-specific assays were —3.58 = (.11 and 41.2 =
0.60 (CowM2) and —3.67 = 0.08 and 42.6 = 0.42 (CowM3),
respectively. Both bovine-specific assays exhibited an ROQ of
25 t0 2.5 X 10° copies, while the ROQs of all FIB assays ranged
from 100 to 4 X 10* copies (in both cases, the entire range of
copy numbers tested). Precision across defined ROQs for all
assays was less than 2.1%, and amplification efficiencies ranged
from 1.87 to 2.02 (Table 2). No-template controls indicated the
absence of extraneous DNA molecules in all gPCR experi-
ments in this study.

Multiplex qPCR. All gPCR assays were tested for potential
multiplex applications to monitor accumulation of target DNA
and a fixed quantity of a PCR inhibition control simulta-
neously. Two competitive composite IAC constructs were built
where target DNA and an IAC can be coamplified with a
common set of primers, under the same reaction conditions, in
the same PCR tube (Fig. 1). The target DNA and IAC product
were then detected with different fluorescently labeled Tag-
Man probes. Assays were considered suitable for multiplexing
with an IAC if (i) there was no significant difference (P > 0.05)
between simplex and multiplex standard curve intercepts and

slopes based on analysis of variance and (ii) a fixed amount of
IAC could be quantified across a range of genomic DNA
standard concentrations. No significant difference was ob-
served between simplex and multiplex curve intercepts and
slopes (P > 0.05) for all assays (Fig. 3). One-way ANOVA tests
comparing simplex and multiplex C;, values from a fixed
amount of IAC were used to define the range where compe-
tition from target DNA did not interfere with quantification of
the IAC (Table 3; Fig. 3). Thresholds for the identification of
PCR inhibition were established based on simplex mean C,
and standard deviation values for the detection of either 25 or
50 copies of IAC (Table 3).

Specificity of host-specific qPCR assays. Primer specificity
was tested for the CowM2 and CowM3 assays against DNAs
from hundreds of fecal and wastewater samples, including sam-
ples collected from six different bovine populations. Host-spe-
cific assays amplified only DNA from composite bovine fecal
samples, with C; values ranging from 29.5 * 0.86 to 34.2 =
0.32 (Table 4). Bovine IAC detection levels from CowM2 mul-
tiplex qPCR assays indicated the absence of PCR inhibitors in
all composite fecal DNA extracts (expected mean C, of 35.4 +
1.3; Table 3). All individual fecal samples used to generate
composite DNA template mixtures yielded the expected PCR
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FIG. 2. MCMC simulated calibration curve for the qPCR CowM2
assay, adjusted to represent mean posterior differences in genomic and
IAC plasmid standard curves from three independent general fecal
indicator qPCR assays (Sivaganesan et al., submitted).
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FIG. 3. CowM2 multiplex qPCR with competitive IAC. The sim-
plex (smlx) and multiplex (mplx) curves were generated from seven
dilutions of bovine fecal DNA extract in the absence or presence of 50
copies of IAC plasmid DNA standard, respectively. Error bars indicate
standard deviations.
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TABLE 3. IAC multiplex qPCR performance characteristics and
thresholds for monitoring inhibition

Inhibition
IAC %CV threshold range
Assay spike Range” across (CpF

(copies)” range ———

Mean SD

CowM2 50 1-100 ng 3.39 35.4 1.31
CowM3 50 1ng

Btheta 25 1004 % 10° cps 7.00 35.7 2.37

GB342 25 1004 X 10° cps 2.97 33.6 1.24

Enterol 25 100-200 cps 1.85 34.5 0.67

“ Number of copies of IAC plasmid control DNA added to each multiplex
qPCR setup.

® Span of competitor genomic DNA concentrations where accurate quantifi-
cation of spiked IAC is possible.

¢ Expected C value from an IAC spike in the absence of PCR inhibitors.

product when amplified with Bacteroides-Prevotella 16S rRNA
gene-specific primers 32F and 708R (5), indicating the pres-
ence of amplifiable DNA from this group of fecal microorgan-
isms.

Quantification of fecal bacterial genes in bovine popula-
tions. Individual bovine fecal samples were randomly collected
from six herds and analyzed to estimate the host distributions
of bovine-specific assays, to describe target DNA variability
among and between populations, and to compare the relative
abundances of each target DNA to one another. The bovine
samples from West Virginia were used only to evaluate esti-
mated host distribution because they were collected 36 months
earlier and may have degraded over time. PCR inhibition was

TABLE 4. Specificity of CowM2 and CowM3 qPCR assays

Cy for:
CowM2 multiplex assay CowM3
Sample type Locale” No. CowM?2 IAC 50 51'rr?glex
FAM copies assay
( ) (VICY (FAM)

Avg SD Avg SD Avg SD

Alpaca wv 2 340 09

Canadian Goose GA 12 344  0.24

Cat wv 10 36.1  0.79

Chicken GA 10 343 0.26

Bovine herd 1 WA 10 317 18 337 0.7 31.9 0.6
Bovine herd 2 WA 10 308 038 347 1 29.46  0.86
Bovine herd 3 WA 8 332 061 355 032 318 0.71
Bovine herd 4 WA 10 340 0.78 358 047 328 0.85
Bovine herd 5 wYy 10 342 032 358 127 323 0.5
Bovine herd 6 wv 12 316 058 346 055 308 0.34
Deer wv 6 345 0.14

Dog wv 10 348 033

Duck GA 12 342 0.89

Goat DE 10 345  0.62

Horse wv 5 344 052

Human wv 16 344 0.17

Pelican FL 5 344 124

Pig wv 12 349  1.03

Sea gull GA 12 341 038

Sheep DE 10 344 0.76

Turkey OH 7 346 041

Wastewater OH 5 345 04

Total or avg 204 347 0.6

“ WV, West Virginia; GA, Georgia; WY, Wyoming; DE, Delaware; FL, Flor-
ida; OH, Ohio.

®TAC detection levels indicate the absence of inhibition in all composites
(expected C- for IAC spike, 35.4 = 1.3 [Table 3]).

qPCR FOR BOVINE FECAL BACTERIA 749

35 -
N CowM2
g 1 CowM3
a 3.0 N Btheta
o [ GB342
£ B Entero1
5 25
o
.
£ 20
g 2
3
4
2 154
o
o
S 1.0
3
=
°
o 05
o
-
0.0 -

Herd 1 Herd 2 Herd 3 Herd 4 Herd 5

FIG. 4. Quantification of bacterial genes from different animal
herd composite DNA extracts. Error bars represent the upper 95%
credible interval for each estimated measurement. Log;, mean copy
number was normalized to 1 ng to compare relative abundances of
each DNA target.

not detected in any of the bovine fecal DNA extracts based on
IAC C; values from multiplex qPCR assays (data not shown).
The CowM2, GB342, and Btheta assays tested positive for all
individual bovine fecal samples. Estimated host distributions
decreased slightly for the CowM3 (98%) and Enterol (89.5%)
assays. Within-herd variance (o) ranged from 0.80 to 5.95 for
CowM2 and from 0.54 to 3.27 for CowM3. FIB assay variances
fluctuated from 0.06 to 1.12 (GB342), from 0.36 to 2.43
(Btheta), and from 0 to 9.51 (Enterol). Of the 10 possible
pairwise comparisons for five different herds, significant target
copy number differences (P < 0.05) were observed in 5 to 7
pairings for the different assays. Only the pairing between herd
2 and herd 3 was significantly different (P < 0.003) for all
assays. The CowM?2 (six pairings showing differences) and
CowM3 (five pairings showing differences) assays shared five
pairings in common. A comparison of target DNA relative
abundances between all assays was achieved by normalizing
data sets to 1 ng of DNA template (Fig. 4). The log,;, mean
copy number of target DNA was measured using 5 ng DNA
template for each bovine-specific assay and 2 ng DNA tem-
plate for all FIB assays.

DISCUSSION

Bovine-specific gPCR. We report on two qPCR assays that
detected only bovine fecal DNA when tested against a panel of
samples representing 16 animal species, including agricultur-
ally important animals such as swine, poultry, horse, and sheep
as well as humans and many wildlife species (Table 4). The
CowM3 gPCR assay demonstrated an increased level of spec-
ificity over the previously reported end point PCR assay
(Bac2F and Bac2R primers) targeting the same DNA se-
quence by exclusively detecting bovine fecal samples (31). In
addition, host-specific qPCR assays successfully detected 98 to
100% of the individual bovine samples collected over a 36-
month time span, where the host distributions of their conven-
tional PCR counterparts ranged from 80 to 91% (31). In-
creases in specificity and estimated host distribution could be
attributed to differences in primer design, the additional selec-
tivity afforded by the TagMan probe, shorter amplicons, and/or
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an elevated limit of detection due to a higher number of am-
plification thermal cycles.

qPCR is one of the most precise methods available for gene
quantification, with %CV levels ranging from 2 to 20 (26).
However, qPCR performance can be substantially influenced
by the sample quality of DNA. DNA isolation from fecal sam-
ples may not remove all substances that can interfere with
PCR, and the degree of interference may vary between sam-
ples. Therefore, internal controls designed to evaluate the suit-
ability of isolated DNA for quantitative analysis were included
for each DNA extract. In order to reduce the potential for
variability in performance associated with running target and
internal control assays in separate reaction tubes, we employed
a multiplex strategy with the CowM?2, GB342, Btheta, and
Enterol qPCR assays (Tables 2 and 3). Each fecal DNA ex-
tract was spiked with a fixed concentration of an IAC to serve
as a control to monitor for the presence of amplification in-
hibitors. If the mean C, of the IAC standard was within the
simplex detection mean value and competition from the
genomic target DNA was negligible (Table 3; Fig. 3), then
sample DNA quality was adequate for quantification.

Plasmid DNA standards and master calibration curves.
Quantification of the amount of initial template in bovine fecal
samples requires a reliable set of DNA standards, typically
prepared from genomic DNA isolated from a bacterial culture.
Unfortunately, the competitive DNA hybridization method
used to identify bovine-specific markers resulted in short, in-
complete gene sequences that provided no definitive informa-
tion regarding bacterial species of origin. Consequently, no
bacterial strain was available for use as a genomic DNA stan-
dard with these assays. An alternative to bacterial genomic
DNA standards is the use of plasmid-derived DNA standards
to generate calibration curves. However, the assumption that
plasmid and genomic DNA standards amplify with the same
efficiency must be made. To account for potential differences
in amplification performance between plasmid and genomic
DNA approaches, an MCMC approach was used to estimate
the mean difference in slope and intercept from fitted-curve
equations for plasmid and genomic DNAs produced from
three independent qPCR assays (Sivaganesan et al., submit-
ted). Using the same MCMC approach, these differences were
applied to the generation of bovine-specific qPCR plasmid
DNA calibration curves (Fig. 2). The MCMC approach was
ideal because it accounted not only for observed mean differ-
ences in plasmid and genomic DNA standards but also for
intra- and interassay variation.

For many qPCR applications, calibration curves are typically
generated with each assay run and quantification is only valid
for that particular experiment (33). Factors such as quality of
reagents, pipette calibration, and run-to-run variability can in-
troduce uncertainty into data interpretation. However, includ-
ing a standard curve with each assay run is expensive and
impractical due to the limited number of reaction wells avail-
able in many qPCR instruments. Therefore, we used master
calibration curves for each qPCR assay compiled from multiple
independent experiments. Because calibration curves were
generated from many independent runs, the intercept and
slope parameters incorporate both intra- and interrun varia-
tion in the data analysis. The master calibration curves were
acceptable because (i) there was no significant difference in the
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slopes of fitted curves between independent runs (P > 0.05),
(ii) the coamplification of an TAC standard in multiplex appli-
cations provides evidence for optimal PCR performance in
each reaction, (iii) the precision (%CV) over the ROQ be-
tween runs averaged less than 2.1%, and (iv) the MCMC
approach accounts for run-to-run variation when creating fit-
ted calibration curves with a 95% credible interval. Although
the use of master calibration curves was adequate for this
study, it remains untested whether this approach can be used
over longer periods of time or between different laboratories.

Abundance of host-specific and fecal indicator genes. Sev-
eral researchers have reasoned that bacterial DNA sequences
encoding proteins involved in host-bacterium interactions hold
greater potential as the basis of host-specific PCR assays (16,
31, 32). However, most host-specific PCR assays target ribo-
somal genes which are not directly involved in bacterium-host
interactions (4, 5, 9, 10). Ribosomal genes make excellent
genetic targets because they are highly conserved and each
bacterial genome can contain up to 15 copies (19), making it
easier to detect a small number of cells at low concentrations.
In contrast, most other bacterial genes, including many in-
volved in host-bacterium interactions, contain a single copy per
bacterial genome. Genes involved in bacterium-host interac-
tions may exhibit higher levels of host specificity, but they may
not be evenly distributed or abundant enough to detect in
environmental matrices such as ambient surface waters. Forty-
eight individual bovine fecal samples were analyzed to com-
pare the number of bovine-specific chromosomal genes with
well-described rRNA genes from Bacteroidetes, B. thetaio-
taomicron, and enterococci. The general Bacteroidetes assay
(GB342) yielded the highest gene concentration in all samples,
which supports previous research reporting that Bacteroidetes
makes up a large portion of the fecal bacterial community (23).
The B. thetaiotaomicron 16S rRNA gene was the second most
prevalent marker, equaling 0.07% of the detected general Bac-
teroidetes population (Fig. 4). The relative abundance of bo-
vine-specific genes was greater than that of the enterococcal
23S rRNA genes in almost all samples tested. Enterococci are
routinely detected in fecal polluted waters and are used for
water quality monitoring (38). Although bovine-specific genes
are not as abundant as the 16S rRNA gene Bacteroidetes mark-
ers, they are clearly present in sufficient quantities to be used
as water quality indicators.

The ideal host-specific genetic marker should be consistently
detected within host populations. However, factors such as
host age and health could impact the stability of the marker
within a population, while diet, climate, and geographic loca-
tion may differ significantly between host populations. gPCR
analysis of fecal samples collected from five bovine populations
followed by pairwise comparisons of target DNA concentra-
tions indicated that there are minimal differences within a
population but significant differences between most of the
herds tested. All gPCR assays exhibited less than 2.6% disper-
sion from a particular population mean [(two-way ANOVA
standard deviation/mean) X 100] regardless of population or
qPCR gene target. The GB342 assay displayed the smallest
dispersion (range, 0.6 to 1.6%), while the Enterol assay dem-
onstrated the broadest (range, 0.5 to 2.4%). Fluctuations in
dispersion, particularly for these latter assays, could result
from sporadic target DNA concentrations among individuals
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but most likely reflect increased uncertainty associated with the
amplification of lower levels of starting template. Regardless of
the reason, low dispersion percentages suggest that the bovine-
specific chromosomal DNA genes can be detected with the
same level of confidence as the FIB rRNA genes within the
tested cattle populations. Two patterns emerged based on pair-
wise comparisons of each bovine population. First, bovine
herds 2 and 3 were significantly different (P < 0.003) regardless
of the qPCR assay. Herd 2 originated from a small animal
feeding operation in Washington, while herd 3 resides in a
high-altitude open range in Wyoming. Differences in elevation,
climate, and diet may account for this incongruity across FIB
and host-specific gene concentrations. Second, the bovine-spe-
cific assays resulted in almost identical herd pairings. Based on
functional annotation of each DNA target, the CowM2 se-
quence is involved in energy metabolism and electron trans-
port and the CowM3 sequence in degradation of surface poly-
saccharides and lipopolysaccharides (31). Similar pairings of
different bovine populations may have occurred by chance, or
these genes may participate in similar host-bacterium-related
metabolic pathways.

Quantitative MST. Fecal pollution of ambient waters origi-
nating from both humans and other animals poses a threat
to human health (3, 7, 11, 24, 39). MST studies are initiated to
identify fecal pollution from different animal groups in order to
prioritize polluted areas for restoration. PCR-based methods
have become popular due to high levels of specificity, expedi-
ent sample processing, no requirement for culturing indicator
fecal bacteria, and the potential to detect single bacterial cells.
The majority of the available PCR-based MST methods rely on
end point amplification, where the PCR product is detected
after completion of a fixed number of thermal cycles. End
point PCR methods yield qualitative data suggesting that a
host-specific DNA target is either present or absent. There is
no information regarding the concentration of the target DNA.
Qualitative data can alert a watershed manager to the presence
of fecal pollution in a sampling area and help determine which
animal source(s) contributes to the total fecal load. They can
also be used to make statistical inferences by collecting sam-
ples from the same location over a period of time and calcu-
lating a frequency of detection (29). However, this approach
has limited statistical power and requires a large number of
samples.

Researchers are now beginning to explore the application of
qPCR approaches for MST. qPCR methods can extend the
utility of MST applications by supplying data regarding the
concentration of source-specific fecal pollution. However, in
order to make inferences about the concentration of fecal
pollution in a water sample, an assumption must be made
about the uniformity of target DNA concentration within a
host population. Our study suggests that target DNA concen-
trations remain relatively consistent within the tested cattle
populations for all five qPCR assays but can fluctuate between
groups. Based on these initial findings, it is evident that the
implementation of the CowM2 and CowM3 assays will require
a priori characterization of DNA target abundance in local
cattle populations to establish a concentration range that can
be used to determine the fecal load from a particular source. It
will also be necessary to determine the stability of the DNA
target range of concentration over the course of the water
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sampling time period. This could be accomplished by period-
ically testing randomly selected fecal samples from host pop-
ulations impacting the watershed of interest.

Our qPCR assays are selective for bovine fecal pollution and
can quantify as few as 25 copies of target DNA per reaction
with a high degree of precision. DNA targets are widely dis-
tributed among host animals and more abundant than fecal
enterococci in almost all fecal samples tested. It is clear that
these bovine-specific qPCR assays merit further evaluation in
other regions and may prove useful for quantitative MST ap-
plications.
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