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Bacterial source tracking is used to apportion fecal pollution among putative sources. Within this context,
library-independent markers are genetic or phenotypic traits that can be used to identify the host origin
without a need for library-dependent classification functions. The objective of this project was to use mixed-
genome Enterococcus microarrays to identify library-independent markers. Separate shotgun libraries were
prepared for five host groups (cow, dog, elk/deer, human, and waterfowl), using genomic DNAs (gDNAs) from
ca. 50 Enterococcus isolates for each library. Microarrays were constructed (864 probes per library), and 385
comparative genomic hybridizations were used to identify putative markers. PCR assays were used to screen
95 markers against gDNAs from isolates from known sources collected throughout the United States. This
validation process narrowed the selection to 15 markers, with 7 having no recognized homologues and the
remaining markers being related to genes involved in metabolic pathways and DNA replication. In most cases,
each marker was exclusive to one of four Enferococcus species (Enterococcus casseliflavus, E. faecalis, E. hirae, or
E. mundtii). Eight markers were highly specific to either cattle, humans, or elk/deer, while the remaining seven
markers were positive for various combinations of hosts other than humans. Based on microarray hybridiza-
tion data, the prevalence of host-specific markers ranged from 2% to 45% of isolates collected from their
respective hosts. A 20-fold difference in prevalence could present challenges for the interpretation of library-

independent markers.

“Microbial source tracking” refers to a suite of procedures
that can be used to test water samples and apportion fecal
pollution to putative sources. The procedures can target any
number of microbial markers (viral, bacterial, or protozoan),
but they are all intended to assist watershed managers in com-
plying with total maximum daily load requirements and with
mitigation plans for microbiologically impaired waters. The
identification of host-specific bacteria, also known as bacterial
source tracking (BST), has been the subject of recent reviews
(16, 19, 23, 24, 27).

BST methods can be characterized as library dependent and
library independent. Library-dependent methods begin with
characterization of a large collection of bacteria that are iso-
lated from known sources (e.g., humans or cows). Only one
species or genus of bacteria is usually considered in a given
study (e.g., Escherichia coli, Enterococcus, or Streptococcus),
and the traits of interest might be antibiotic resistance profiles
(10, 12, 14, 30, 31), carbon utilization profiles (11), DNA fin-
gerprints (5, 8, 13, 15, 29), or other DNA polymorphisms (17,
20). Once a large number of strains have been characterized,
these data are used as “training” data to develop a classifica-
tion equation using multivariate statistics. The reliability of the
resultant classification function is evaluated both by its ability
to classify the original training data and by its ability to cor-
rectly classify independent isolates from known sources, with
the latter being the most legitimate means to assess the quality
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of the classification equation. In both cases, the analysis reports
the percent correct classification rates for the various host
animals.

A number of challenges can arise from the library-depen-
dent strategy. The first challenge is that a large number of
isolates must be characterized before a suitable classification
equation can be generated. No guidelines exist to help deter-
mine how many isolates should be characterized per host, how
many hosts should be sampled, or how many hosts should be
included in the sampling frame (15). More representation is
clearly a preferred strategy, but actual guidelines may be dif-
ficult to generate because this will be a function of the variance
in the system under study (27). Also, there is a spatial compo-
nent to the analysis. Because most of the traits considered by
these methods are unlikely to represent selective loci that are
specific to the host organisms (e.g., pulsed-field gel electro-
phoresis patterns are unlikely to be related to fitness), the
libraries may have geographic limitations. While a library may
perform within acceptable limits for a given watershed, it may
not be applicable to an adjacent watershed (13, 22, 31). There
is probably a temporal component leading to potential mis-
classification errors because we can expect selectively neutral
traits to drift with time. The coefficients for classification func-
tions are not reported in most papers, and the classification
databases are effectively proprietary information, which is
understandable because the host institution often carries the
burden of maintenance of classification libraries. Nevertheless,
when raw data and classification functions are not available,
the reported classification system is effectively unavailable to
the broader community. Finally, suitable methods are lacking
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for assigning valid confidence intervals for estimates originat-
ing from classification functions.

Library-independent methods require the development of
an initial library of host-specific strains that are then charac-
terized to identify host-specific genetic or phenotypic markers.
The key difference from library-dependent methods is that
these markers can be strongly associated only with bacterial
strains from a single host animal. Thus, the markers can be
used in a binary context (presence or absence) without refer-
ence to a classification function or library. Ideally, library-
independent markers are “universal” in both space and time.
To meet these criteria, the markers must target either an
organism that appears specific to a given host or a gene prod-
uct or gene sequence that is specific to bacteria from a given
host. In the latter case, it is likely that the trait of interest
confers a selective advantage in a specific host, which would
explain a strong association between the marker and host.
While several papers report polymorphisms in the 16S rRNA
gene for bacterial species closely associated with specific hosts
(1,2, 6,7,9), there is only one published example of a host-
specific genetic marker for a common, facultative aerobe such
as Enterococcus (21), and this marker is only useful for detect-
ing human fecal pollution.

The lack of progress in the identification of DNA markers
suitable for identifying bacteria from specific hosts is probably
related to our lack of understanding about which unique genes
would be required to persist in different hosts and our inability
to screen large numbers of potential markers. For this project,
we attempted to circumvent the latter limitation by using a
custom DNA microarray to screen a large number of genetic
sequences from bacteria originating from different host ani-
mals. The microarray was composed of cloned DNA fragments
from a large collection of isolates of Enterococcus from known
sources (hence the term “mixed-genome” microarray) (4). This
process identified a number of genetic markers that could be
used in a library-dependent context, and these have been par-
tially validated using Enterococcus isolates from known sources
from across the United States.

MATERIALS AND METHODS

Bacterial isolates. Two sets of Enterococcus sp. isolates were collected for this
study. The first set (set A) was used both to construct and to screen the mixed-
genome microarray. Set A comprised 413 isolates from five different host
sources, namely, cows (n = 200), dogs (n = 61), waterfowl (n = 43), humans (n =
54), and elk and deer (n = 55). Isolates in set A were collected locally in Pullman,
Wash., Moscow, Idaho, and Lewiston, Idaho, where a single bacterial isolate was
collected per fecal sample. The second set (set B) of Enterococcus sp. samples
was used for PCR screening of putative host-specific markers and comprised
samples from a variety of host sources, namely, cows (n = 150), dogs
(n = 36), waterfowl (n = 24), humans (n = 6), chickens (n = 12), horses (n = 18),
swine (n = 40), and deer (n = 4). Two individual isolates and two composites
(collected by scraping colonies off agar plates) composed of approximately 200
isolates each were collected per fecal sample for set B. Set B isolates originated
from throughout the United States.

Isolation of Enterococcus spp. Fecal samples were collected with a sterile
tongue depressor or swab and stored in a sterile plastic bag at 4°C until pro-
cessed. All samples were processed within 7 days of collection. A sterile swab
containing fecal material was used to inoculate 3 ml salt tolerance solution (2.5%
[wt/vol] brain heart infusion broth [Becton-Dickinson, Sparks, MD], 0.5% dex-
trose, 6% NaCl, 0.0016% bromocresol purple) and incubated overnight at 45°C.
Positive samples (yellow) were plated onto M-Enterococcus agar (Remel, Lenexa,
KS) and incubated at 37°C for 72 to 96 h. This isolation procedure selects for
Enterococcus, and to verify that selection was effective, we confirmed a repre-
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sentative sample of 52 isolates (from set A) as Enterococcus spp. by using the API
Strep test (bioMérieux, Inc., Hazelwood, MO).

Fresh isolates were picked from the M-Enterococcus agar into brain heart
infusion broth (Becton-Dickinson) and grown overnight at 37°C. Three milliliters
of broth culture was used for genomic DNA (gDNA) extraction, and 1 ml was
banked at —80°C after the addition of 330 wl phosphate-buffered glycerol (45
mM Na,HPO,, 34 mM NaH,PO,, 58.8% [vol/vol] glycerol).

Construction of mixed-genome shotgun libraries. A separate shotgun library
was constructed for each of the following hosts: cow, dog, human, waterfowl, and
elk/deer. gDNAs were extracted from all isolates in set A by using a DNeasy
tissue kit (QIAGEN, Valencia, CA) and were quantified by electrophoresis and
spectroscopy. An equal amount of gDNAs from 50 isolates per host (only 43 for
waterfowl) was mixed to make five mixed-genome pools containing 3 to 5 pg
DNA in 160 pl elution buffer (supplied with the DNeasy tissue kit). The gDNAs
were divided into 40-ul aliquots and sonicated to obtain 500- to 700-bp frag-
ments. This included up to four sonication treatments (45 s to 1 min each at level
7) with a Misonix cup-horn sonicator (Misonix Inc., Farmingdale, NY). Samples
were cooled on ice between treatments. Sonicated gDNA fragments were sepa-
rated in a 1% agarose gel, the 600-bp region was excised, and the DNA was
extracted using a Montage gel extraction kit (Millipore, Billerica, MA) followed
by ethanol precipitation. A TOPO Shotgun subcloning kit (Invitrogen, Carlsbad,
CA) was used according to the manufacturer’s instructions to repair fragment
ends and clone the fragments into the pCR4-TOPO vector. Recombinant plas-
mids were electroporated into E. coli Top 10 cells (Invitrogen) and selected on
LB agar plates supplemented with 100 pg/ml ampicillin (Fisher Scientific, Fairlawn,
NJ) and 40 pg/ml X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside;
Sigma-Aldrich, Milwaukee, WI) (LB mp100.x-Gat40)- For each library, 864 (9 X 96)
white colonies were selected, placed into a 96-spot grid on fresh LB s ,5100,x-Gal40
agar plates, and incubated overnight at 37°C. A 96-pin replicating tool was used
to inoculate a 96-well U-bottomed plate (plate A) containing 150 pl LBamp100
broth per well, which was incubated overnight at 37°C. This plate was then used
to inoculate two additional 96-well plates (plates B and C) containing LB mp100
broth, which were incubated overnight at 37°C. Glycerol (50 pl of 50% glycerol)
was added to plates A and B, which were stored at —80°C for routine use and
long-term storage, respectively. Plate C was stored at —80°C without glycerol for
use as a template for PCR.

Mixed-genome microarray fabrication. Clone inserts were PCR amplified
from whole cells containing recombinant plasmids (5 pl broth from plate C
[described above]) in 50-pul PCR mixtures as described for the TOPO Shotgun
subcloning kit (Invitrogen), using T7 and T3 primers. PCR products were puri-
fied by isopropanol precipitation and resuspended in 22 wl H,O, and 2 pl was
evaluated in a 1% agarose gel. To the remaining 20 pl PCR product, 12.5 ul 4X
print buffer (0.4 M Na,HPO,, 0.8 M NaCl, 0.04% sodium dodecyl sulfate; pH
11.6) and 17.5 pl H,O were added. Single spots of each PCR product were
deposited as eight subarrays on Superfrost/Plus slides (Fisher Scientific) by using
a MicroGrid II arrayer (Genomic Solutions, Ann Arbor, MI). Each subarray
contained four replicate spots of a region of the 16S rRNA gene from an
Enterococcus sp. isolate amplified with primers 16S_008Fwd and 16S_517Rvs
(28) and four replicate spots of an arbitrary, biotinylated oligonucleotide. The
former served as a control for target labeling and hybridization efficiency, and the
latter served as a control for detection chemistry (4).

Sample hybridization. gDNAs were extracted from target strains using a
DNeasy tissue kit (QIAGEN), and 0.5 pug was nick translated for 2 h in the
presence of biotin-dATP (BioNick labeling system; Invitrogen). Labeled gDNAs
were purified by ethanol precipitation and resuspended in 225 .l hybridization
buffer (4X SSC [60 mM NaCl, 0.6 mM sodium citrate; pH 7.0] and 5X Den-
hardt’s solution [0.1% {wt/vol} Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine
serum albumin]). Biotinylated gDNAs (75 ul) were heat denatured, applied to
the slide, and incubated overnight in a humidified chamber at 60°C. Slides were
preblocked at 23°C for 30 min with TNB buffer (100 mM Tris-HCI [pH 7.5], 150
mM NaCl, 0.5% blocking reagent [TSA biotin system; Perkin-Elmer, Boston,
MA]). The remaining detection steps were carried out as previously described
(3), with 75 ul of the appropriate reagent applied to the slide at each step.
Images were captured with an arrayWoRx® scanner (Applied Precision, Issa-
quah, WA).

Image and data analysis. Microarray images were quantified using soft WoRx
Tracker software (Applied Precision). The final output included median pixel
values (range, 0 to 65,535) that were imported into a custom relational database
(MS Access; Microsoft Corp., Redmond, WA) for further processing. Data from
each slide were normalized by first calculating the mean intensity for the repli-
cated 16S rRNA gene probes and then dividing every probe intensity value by
this mean. When normalized values exceeded 0.5, the probe was considered
positive (and thus present in the genome). We then generated frequency tables
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TABLE 1. Primers used in this study
Miglfer Forward primer sequence T,. (°C) Reverse primer sequence T,. (°C) leigt)l?légp)
15 AGATACCTTAACACATTACACCCAG 50.6 TGTGAAACTATCAATCAAACATGAT 50.1 357
19 AATCGTATTCATTTGCCCAAG 51.2 GGGGATTTTGTTACGAAAGAAG 51.5 375
40 TCATGATCTGTGCAATATTCGAC 51.9 AGCAATTACTGAAGAAGAAGTTTTG 50.6 326
48 AGTTCTTATAGAGTAAATCACGTTCATAG 50.3 AAAACCTAGTATAATCAATTTTCCATC 50.5 319

66 TATTAATAAACTGAAAATGGCAAATG 514
67 TTTAAATGACAGGGATCAAACTG 50.6
68 ATACCCGTACAGTTATTTTCTTTACC 51.0
77 GTAGATTTAGTGTACCGTTTGATTTC 50.0
81 AAAATGTAACAACCGCAAAGC 515
89 CTTATGAAGATTCTGCAAACTGG 50.5
90 TTGACAGTTTAGTGGAAGTGTCTG 50.6
91 AAAGGACAAGCTATTTTAATGATGAG 51.9
93 GTAAAACTCAATCTGATGAGGCAG 51.8
94 GAAGAATTCGGAACCCGTC 50.9
107 TCTTTTCCTCACTACGCTAAGTG 50.4
7+ GAGAGAATCCTAAGGTGAGCG 50.0

AAGAAGAAATGAGATTCGTGGAC 511 308

TTACCACAGAGAGAATCTTCGC 50.6 301
TTTAGCTATGTTCCTACTAATTGCAG 51.0 322
ATATTGCTTGCTTTGGATTGAC 50.6 314
TCCAGTTTCTAAAGTCCCCG 51.0 314
CAAGTAATGCCCGTTGATCTC 51.4 388
CGAAAACTCTCCGAATACACTATC 51.2 419
TTTCCCTAAAGCTAAGCCATC 50.1 395
AGATGATCTGCCATCCGC 50.3 422
AGTTGTACTGACACATCAGAAACG 50.5 402
CCTCTCCACTGTAAGGTCAAATC 51.4 401
AGACAGTGCCCAAATCGTTAC 50.9 340

to identify probes that were exclusive or nearly exclusive to a specific host
(chi-square test). We only considered probes to be specific to a host if the probes
originated from the mixed-genome library for that host. In cases where no probes
could be identified by contingency analysis, we selected the best possible match
to the host. NCSS 2004 software (Number Cruncher Statistical Systems,
Kaysville, UT) was used for statistical tests, with a P value of 0.05 as the threshold
for significant findings. We did not employ a correction factor for multiple tests
because our goal at this stage was to be liberal in the selection process and rely on
subsequent PCR validation testing to narrow the list of potential BST markers.

Plasmid insert sequencing and primer design. Clones identified as potentially
specific for a single host were retrieved from the glycerol stock bank and se-
quenced. Plate A (glycerol stock) was thawed on ice, and 20 wl of each selected
clone was used to inoculate 3 ml LB 5 5100 broth. Cultures were grown overnight
at 37°C, and a QIAGEN Plasmid mini spin kit was used to isolate plasmid DNA.
Extracted plasmids were quantified by spectrometry, diluted to 25 ng/ul, and
sequenced with T7 and T3 primers using an ABI BigDye Terminator v3.1 cycle
sequencing kit (Applied Biosystems, Foster City, CA). Each sequencing reaction
contained 2 pl Terminator mix, 3 pl 5X dilution buffer, 3.4 pl H,O, 1.6 pl 2 pM
primer, and 10 pl of 25 ng/pl plasmid template. Thermal cycling parameters for
sequencing were set as described by the manufacturer (Applied Biosystems).
Sequencing reaction products were purified by ethanol precipitation, resus-
pended in 15 pl HiDi formamide (Applied Biosystems), and analyzed with
an ABI Prism 3100 genetic analyzer (Applied Biosystems). Vector NTI 9.0.0
(InforMax, Frederick, MD) software was used for base calling, to generate sequence
alignments, and to design primers (Table 1). Database searches for similar protein
sequences were performed by using the BLASTx network server (NCBI; www.ncbi
.nlm.nih.gov) to assign a putative function to each probe sequence.

Preparation of templates for marker validation by PCR screening. The tem-
plates for validation screening, made from gDNAs isolated from set A and set B
samples, are described in Table 2. The sewage and dairy templates (Table 2)
were prepared from liquid samples taken from a municipal wastewater treatment
plant (Pullman, WA) and from the WSU Dairy sewage lagoon, respectively.
Liquid samples were placed on ice immediately after collection and centrifuged
at 4°C. The supernatants were discarded, and the pellets were placed on ice.
Sterile swabs were used to collect some of the cell pellet and inoculate four test
tubes containing 3 ml salt tolerance solution each. Samples were incubated at
45°C for 24 h. A sample culture (1.5 ml) was taken from each test tube, and the
cells were pelleted by centrifugation. Cells were washed twice in phosphate-
buffered saline (137 mM NacCl, 2.7 mM KCl, 4.3 mM Na,HPO, - 7H,0, 1.4 mM
KH,PO,, pH 7.3) before proceeding to gDNA isolation using a QIAGEN
DNeasy tissue Kit.

Validation PCR screening. All screening PCRs were performed in 50-pl re-
action mixtures with approximately 5 ng plasmid DNA or 10 to 50 ng gDNA
template. The cycling program included a 2-min initial denaturation at 95°C,
followed by 35 cycles of 95°C for 30 s, 48°C for 45 s, and 72°C for 40 s and a final
extension at 72°C for 2 min. PCR with the esp primer pair was carried out as
previously described (21).

Sequencing and analysis of 16S rRNA genes from selected isolates. We iden-
tified two or three isolates (32 total) that harbored one of the putative markers

from this study and sequenced a portion of the 16S rRNA gene to aid in their
identification. A portion of the 16S rRNA gene was PCR amplified using primers
16S_008Fwd and 16S_517Rvs (28), with reaction and thermal cycling conditions
as described previously. Two units of exonuclease I (New England Biolabs,
Ipswich, MA) and 4 units of shrimp alkaline phosphatase (New England Biolabs)
were added to each PCR mixture, and reactions were incubated at 37°C for 20
min followed by 80°C for 15 min. PCR products were then diluted to 4 ng/ul, and
10 pl was added to a standard one-quarter sequencing reaction mix as described
above. Sequencing was completed as described above. Vector NTI 9.0.0 (Infor-
Max) software was used for base calling and to generate sequence alignments.
Database searches for similar DNA sequences were performed by using the
BLASTn network server (NCBI; www.ncbi.nlm.nih.gov) to assign a putative
species to each isolate.

RESULTS

Identification of putative host-specific markers. We con-
structed a mixed-genome microarray composed of 4,320 probes
that were derived from five distinct shotgun libraries repre-
senting Enterococcus isolates collected from cattle, dogs, hu-
mans, waterfowl, and cervids (elk and deer). Genomic DNAs
from 50 Enterococcus isolates per host (only 43 for waterfowl;
243 isolates total) were used to construct these libraries.
Genomic DNAs from all isolates in set A (n = 413; see Ma-
terials and Methods for a description) were hybridized to the
microarray, and data from 385 successful hybridizations were
used to identify probes that were deemed specific for a single
host. Eighty-six probes hybridized exclusively to isolates from a
single host, although probes were present in only 8% to 19% of
isolates from the specific host. This set of 86 probes included
46 from cows, 5 from dogs, 25 from elk/deer, and 10 from
humans. We did not identify any probes as specific to water-
fowl using these selection criteria. We identified an additional
20 probes that were present in a significantly larger number of
isolates from one specific host than isolates from the remaining
four hosts (chi-square test, P < 0.05); these probes were
present in 10% to 42% of the specific host isolates from set A
and included six from cows, two from dogs, six from elk/deer,
and six from humans. Finally, two additional probes from dog
isolates and two probes from waterfowl isolates with the high-
est (but not statistically significant) specificities to their specific
hosts were chosen for further screening. All 110 putative host-
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TABLE 2. Templates used for validation PCR screening

Source of
Emi:roolzgg'ﬁ SP- Vaiidation vaﬁgz?oonslttgrrllp(l);te Sou;ge Geograénhic source
validation template name (per template)® set! (U.S. state)
template
Cow Cow pool 50 isolates from 50 hosts B NY, OH, AK, CA, KS
CP1 through CP20 7-10 isolates A WA, ID
CP-all (all CP pools) 179 isolates A WA, ID
Composites (n = 10) Approximately 400 isolates from a single host B KS, CA, AK, OH, NY, TN
CCP (all composite Approximately 4,000 isolates from 10 hosts B KS, CA, AK, OH, NY, TN
pools listed above)
Dog Dog pool 36 isolates from 18 hosts B IN, KS, CA, TN
DP1 through DP6 7-10 isolates A WA, ID
DP-all (all DP pools) 56 isolates A WA, ID
Composites (n = 9) Approximately 400 isolates from a single host B IN, KS, CA, TN
DoCP (all composite Approximately 3,600 isolates from 9 hosts B IN, KS, CA, TN
pools listed above)
Human Human pool 6 isolates from 3 hosts B OH
HP1 through HP6 7-10 isolates A WA, ID
HP-all (all HP pools) 47 isolates A WA, ID
Composites (n = 3) Approximately 400 isolates from a single host B OH
HCP (all composite Approximately 1,200 isolates from 3 hosts B OH
pools listed above)
Elk/deer Deer pool 4 isolates from 2 hosts B OH
EDP1, EDP2, EDP3 7-10 isolates A WA, ID
EDP-all (all EDP pools) 28 isolates A WA, ID
Composites (n = 2) Approximately 400 isolates from a single host B OH
DeCP (all composite Approximately 800 isolates from 2 hosts B OH
pools listed above)
Waterfowl Waterfowl pool 24 isolates from 12 hosts B IN, OH, TN
WP1 through WP4 7-10 isolates A WA, ID
WP-all (all WP pools) 39 isolates A WA, ID
Goose Goose pool 8 isolates from 8 hosts B IN, OH, TN
Swine Swine pool 20 isolates from 20 hosts B IN, KS, CA, OH, TN
Horse Horse pool 9 isolates from 9 hosts B IN, NC, TN
Chicken Chicken pool 6 isolates from 6 hosts B IN, OH
Sewage Sewer2/5, Sewer2/22, Sewer3/2 Isolates from sewage sample NA WA
Dairy lagoon Dairy2/7, Dairy2/22, Dairy3/2 Isolates from dairy wastewater sample NA WA

“The collection of isolates and source sets are described in Materials and Methods.

> NA, not available.

specific probes were retrieved from glycerol stocks, and we
successfully sequenced 95 of the inserts. Primers were designed
for these putative host-specific sequences, and those retained
after the validation screening are shown in Table 1.
Screening putative host-specific markers using PCR. Puta-
tive host-specific primers were used to screen gDNA pools
generated from multiple isolates of Enterococcus spp. (Table
2). We rejected all potential markers for waterfowl and dogs
but identified 15 putative markers distributed between hu-
mans, cattle, and deer/elk (Table 3). Two cattle markers were
identified as positive for only cow isolates and dairy lagoon
samples. The elk/deer markers varied in their specificities,
from specific for only elk/deer isolates to positive detection for
several combinations of nonhuman templates. The human-
specific primer pairs were mostly very specific, although only
marker 77 amplified a band from the sewage samples (Table 3).
This screening procedure only provides information about
the presence or absence of individual markers within collec-
tions of isolates. To better gauge the prevalence of these mark-
ers within a population of isolates, we examined the original
microarray hybridization data (Table 4). By this analysis, the
cattle markers were exclusive to cattle and were present in
6.8% to 8.7% of isolates tested. Two of the elk/deer markers

were exclusive to this host, while five remaining markers were
reactive with isolates from all other hosts. Importantly, despite
this apparent lack of specificity, the prevalence of these mark-
ers was much greater for elk/deer isolates (>25%) than for
isolates from other hosts (2% to 7.1%). Four of the six human
markers were relative rare (<4%), while the fifth marker was
detected in 9.8% of isolates. The sixth marker was detected in
45% of human isolates, with occasional detection in isolates
from other sources (1.1% to 5.3%).

Marker identity. Seven of the markers had either no signifi-
cant matches with GenBank entries or the closest matches were
hypothetical or uncharacterized proteins (Table 5). The remain-
ing eight sequences had BLASTx matches that could be assigned
putative functions. We also selected one probe that was positive
for all microarray hybridizations as a positive control, and se-
quence analysis demonstrated that this probe was a close match to
the 23S rRNA from Enterococcus faecium (marker 7+).

Identification of positive control strains for each primer
pair. After selecting the 15 markers described in this report, we
screened individual isolates (n = 32) of Enterococcus by PCR to
identify positive control strains for each marker (Table 6). The 15
markers were distributed between four species of Enterococcus.
The two cattle markers were exclusive to E. hirae, while the
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TABLE 3. Validation PCR screening results
Source of PCR result”
Ent.erococcu's sp. o Cow
isolates in Validation template® markers Elk/deer markers Human markers
validation -
template 15 19 40 48 89 90 91 93 94 66 67 68 77 81 107 esp
Cow Cow pool + + - - - + + + + - - - = - - -
CP-all R L + + + + - - - - = - -
CCP I
CP1-20 1 15 0* 0 ND ND ND ND ND ND O 0 0 ND 0 ND
Composites (n = 10) 1 1 0 0 ND ND ND ND ND 0 0 0 0 ND ND
Dog Dog pool - - - - - - - - - - - - - - - -
DP-all - - = - - - - - - - - - = - - -
DoCP - - - - - - - - - - - - - - - +
Human Human pool - - - - - - - - - - - - + - - -
HP-all - - —* - —* — - - - + + + + + + -
HCP - - = - - - - - - - - -  + - - -
HP1-6 0 0 0 0 0* 0 0 0 0 5 1 4 5 1 2 ND
Composites (n = 3) 0 0 0 0 ND ND ND ND ND 0 0 0 1 0 0 ND
Elk/deer Elk/deer pool - - - - - - - - - - - - - - - -
EDP-all - - + + + + + + + - - - = - - -
DeCP - - - - - - - - - - - - - - - -
EDP1-3 0 0 3 3 3 3 3 3 2 ND 0 0 0 0 ND ND
Composites (n = 2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ND ND
Waterfowl Waterfowl pool - - = - - - - - - - - - = - - -
WP-all - - - - + + + + + - - - - - - -
Goose Goose pool - - = - + - - - - - - - - - - -
Swine Swine pool - - - - + - - - - + - - = - - -
Horse Horse pool - - - - - - - - - - - - - - - -
Chicken Chicken pool - - - - - - - - - - - - - - - -
Sewage 3 samples 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 3
Dairy 3 samples 3 30 0 0 0 0 0 0 0 0 0 0 0 0 0

“ The validation templates are described in Table 2.
by, positive PCR result; —, negative PCR result; ND, not determined; integer, number of positive PCR results in the set of validation templates. Asterisks indicate

that negative PCR results were obtained in validation screening but that one or more single positive control isolates gave a positive PCR result (see Table 6).

deer/elk markers were detected in three species (E. hirae,
E. mundtii, and E. casseliflavus). Five of the six human markers
were from E. faecalis, and the esp marker was negative for this
panel of positive controls (the esp marker originated from
E. faecium) (21).

TABLE 4. Distribution of markers among 385 isolates hybridized
to the mixed-genome microarray

% of isolates that hybridized to the marker probe

DISCUSSION

BST is a tool that can be used to apportion fecal pollution to
putative sources, and BST methods can be library dependent
or library independent. Library-dependent methods have a
number of shortcomings that have been reviewed elsewhere
(15, 17, 19, 24, 26, 27). Consequently, there is considerable
interest in identifying library-independent markers, but the
challenge is to find an efficient means to identify these mark-
ers. Efforts have ranged from rational selection of single genes,
such as the virulence-associated esp gene from E. faecium (21),

Soizztof Marker ~ o Dog  Human Elk/deer Waterfowl to the detection of polymorphisms within a single gene that can
marker no. isolates  isolates  isolates isolates isolates be used as host-specific markers (1, 2, 6, 7).
(n=183) (n=6l) (n=5) (n=352) (n=33 Our effort focused on a different strategy whereby we used
Cow 15 8.7 0 0 0 0 microarrays to screen for the presence or absence of a large
19 6.8 0 0 0 0 number of DNA fragments (n = 4,320) in an effort to detect
Elk/deer 40 0 0 0 19:2 0 host-specific markers. We focused our efforts on the Entero-
48 0 0 0 15.4 0 . . . .
89 33 16 59 327 26 coccus genera in p?rt because there is a c0n51d'erable history of
90 3.8 33 2.0 32.7 2.6 using these organisms for water quality testing and because
91 3.8 33 2.0 26.9 2.6 these organisms are relatively simple to culture. We have no
93 7.1 1.6 2.0 38.5 2.6 means to gauge the efficiency of our approach, but given that
Human 22 8'8 3'9 ;g 33'7 3'6 only 0.35% of the cloned inserts appeared to be applicable to
67 0 0 2.0 0 0 BST, other approaches should be considered to enrich the
68 0 0 9.8 0 0 libraries for host-specific markers (e.g., using suppression sub-
77 0 0 3.9 0 0 traction hybridization). While library construction and mi-
51;(1)7 (1) 1 2 9 4§(1) (1) 9 g 3 croarray hybridization consumed considerable effort, we found

that a significant amount of time was also required for PCR
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TABLE 5. Description of selected markers

Marker no.

Marker Accession no. of similar protein, organism, . . Control isolate species
ac(c(;’:s?f;?l];) host origin and BLASTx ]% value ¢ Predicted function or property containing mafker
15 (DQ071632) Cow NP_951820.1, Geobacter sulfurreducens PCA, Putative helicase E. hirae
8e—23
19 (DQ071647) Cow NP_976695.1, Bacillus cereus ATCC 10987, Hypothetical protein E. hirae
4e—13
40 (DQO071633) Elk/deer NP_816591.1, Enterococcus faecalis V583, 6e—51 ~ MutS2 family protein E. hirae,
E. casseliflavus,
E. hirae
48 (DQO071634) Elk/deer None E. casseliflavus
89 (DQO071637) Elk/deer None E. mundtii, E. hirae
90 (DQO071635) Elk/deer ZP_00287232.1, Enterococcus faecium, le—19 Polyribonucleotide E. mundtii
nucleotidyltransferase
91 (DQO071638) Elk/deer ZP_00286134.1, Enterococcus faecium, 2e—53 Predicted SAM-dependent E. mundtii
methyltransferase
93 (DQ071636) Elk/deer ZP_00285574.1, Enterococcus faecium, 1le—55 Response regulator E. mundtii
94 (DQ071639) Elk/deer ZP_00286604.1, Enterococcus faecium, 3e—29 Uncharacterized protein E. mundtii
conserved in bacteria
66 (DQO071640) Human NP_756371.1, Escherichia coli CFT073, 5e—19 Hypothetical protein E. faecalis
67 (DQO71641) Human None E. hirae
68 (DQO071642) Human ZP_00233409.1, Listeria monocytogenes strain Carbohydrate kinase PfkB family  E. faecalis
1/2a F6854, 3e—11
77 (DQO071643) Human NP_346799.1, Clostridium acetobutylicumm ATCC Putative transcriptional regulator  E. faecalis
824, 6e—17
81 (DQO071644) Human NP_996712.1, bacteriophage phi LC3, 6e—60 Major tail protein E. faecalis
107 (DQO71645)  Human NP_816971.1, Enterococcus faecalis V583 Hypothetical protein E. faecalis
plasmid pTEF1, 6e—23
7+ (DQ071646)  Waterfowl  X79341 (DNA), Enterococcus faecium, 0 23S rRNA gene

validation testing, and this would be true regardless of how one
goes about selecting putative markers.

The 15 markers identified in this study originated from hu-
man, cow, and cervid isolates. It is possible that our screening
process invalidated additional markers that could be useful for
source tracking. For example, markers identified by microarray
hybridization that failed the PCR screening process could rep-
resent useful genetic polymorphisms. With enough polymor-
phisms (typically >10% difference between microarray probe
and target sequences), we would see a reduced hybridization
efficiency, but if our PCR primers were conserved for multiple
alleles, then we would detect the presence of the gene in many
hosts, regardless of host-specific internal sequence polymor-
phisms. Nevertheless, our simple screen for the presence or
absence of markers was the most efficient means to identify
relatively conserved markers for source tracking.

Of the 15 markers described here, the two cow markers (15
and 19) met all of our screening criteria to be defined as
specific to cattle, and from both the hybridization and PCR
screening results, we estimate that each of the cow markers is
present in about 10% of cow isolates. One marker (48) was
unambiguously associated with elk/deer, and we estimate that
it is present in ca. 15% of Enterococcus isolates from cervid
sources. We identified five human-specific markers. Four of
these were present in an estimated 2% to 10% of human
isolates, while the fifth was present in a larger proportion of
isolates but may be present in isolates from other hosts. The
remaining seven markers were specific for various combina-
tions of hosts, and in most cases we found them to be clearly
positive for nonhuman sources and negative for human
sources.

We anticipated that our search would identify at least some
host-specific markers that are involved in host recognition,
such as cell surface proteins, or markers involved in the me-
tabolism of host-specific nutrients. Three of the markers ap-
pear to be involved in metabolic pathways (markers 68, 77, and
93), but none are obvious outer membrane proteins that would
be involved in host recognition and adhesion. Nevertheless,
seven of the markers encode unknown and hypothetical pro-
teins, and it is possible that these serve functional roles impor-
tant to survival in specific hosts. It is very interesting that four
of the markers appear to be involved in DNA replication and
repair (markers 15, 40, 90, and 91), which are basic housekeep-
ing functions. This implies that the host-specific strains are
divergent enough to have evolved strain-specific housekeeping
gene sequences. Others have found that host specificity can
correlate with housekeeping gene divergence (e.g., Flavobac-
terium psychrophilum) (25). Finally, marker 81 encodes a major
tail protein from a lactococcal bacteriophage. There is no doc-
umented evidence of the presence of this bacteriophage in
Enterococcus spp.

The 15 markers from this study partition among discrete
Enterococcus species. Cervid markers are present only in
E. mundtii and E. casseliflavus, while E. faecalis harbors only
human markers. E. hirae harbors a wider variety of markers,
with human, cow, and cervid markers represented by this species.
Nevertheless, the host-specific markers that we identified in
E. hirae are still host specific, indicating the presence of host-
adapted strains within a single species. This assumes that our
16S rRNA sequencing efforts correctly reflected species iden-
tification. In some cases, simply identifying the species present
in compromised water may be useful as a preliminary and
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TABLE 6. Distribution of markers among 32 positive control isolates

Presence of marker”

Isolate
no.

Positive control
species

Host
source

Cow

Human

Elk/deer

—_
wn
Ju—
o

66 67

68

77 81 107

&
(=}

48 89 90 91 93 94

E. hirae 46
144
171
184
185
186
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190
E. mundtii 5
192
401
403
407
409
421
424
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Human E. faecalis
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“ The esp marker was not detected in any of the control isolates.

cost-effective means to test for sources of fecal contamination
(29). We do not know what proportions of these species are
represented in the normal flora of humans, cattle, and cervids.

Validating markers for bacterial source tracking is an open-
ended process, and there are no universally accepted criteria to
determine when a marker can be considered host specific. For
example, it is possible that a host-adapted strain with a specific
marker is present transiently within a nonspecific host, whereas
it is found much more frequently in a target host (e.g., markers
89, 90, 91, 93, and 94; Table 4). It is also possible to have
markers that are very host specific but that are so rare that they
are not particularly useful for bacterial source tracking. The
conclusion about the utility of the marker is also dependent on
the assay that is employed. In our case, we tried to validate
markers by testing them against a geographically diverse col-
lection of specific and nonspecific isolates, and the tests in-
volved a series of individual isolates or pools of gDNAs iso-
lated from individual isolates or from broth enrichments.
These isolates were obtained opportunistically from coopera-
tors located around the United States. While we are not pro-
posing validation criteria, we propose that any screening pro-
cedure should include isolates from diverse geographic origins.

As more library-independent markers are identified, there
remain questions about how to implement these in a manner
that provides an accurate, meaningful, and cost-effective assay

for BST. One strategy is to test material that has been culti-
vated from water samples. For example, Scott et al. (21) fil-
tered water samples, incubated the filters on selective media
for Enterococcus spp., and then briefly enriched the colonies in
broth, extracted gDNAs, and tested this material for the pres-
ence or absence of the esp marker. This approach is highly
desirable because of its simplicity, but it becomes problematic
when markers from more than one host species are detected.
Simple detection of a marker’s presence or absence does not
help to enumerate the proportion of each marker in the sam-
ple. Furthermore, if multiple species of Enterococcus are being
detected (e.g., four species in the present work), then there
could be problems with differential recovery with the enrich-
ment media (although this can be tested). The latter compli-
cation could be circumvented by directly extracting gDNAs
from membrane filtrates without enrichment (18). Depending
on the filtration method that is employed, however, this strat-
egy can encounter significant sensitivity limitations, and filter-
ing large volumes of water can be expensive.

Another approach being considered in the BST field is to
develop quantitative real-time PCR assays for library-indepen-
dent markers. In theory, this will permit the practitioner to enu-
merate each marker either in a multiplex reaction or through a
series of individual reactions for each marker of interest. This
analysis usually assumes that quantification is feasible based on
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a standard curve. For environmental samples, we know that
each gDNA extraction can have different levels of PCR inhi-
bition (18), so unless the standard curve is incorporated into
the sample extract, there can be a fair amount of uncertainty
for quantification. This limitation could be circumvented by
using a relative ratio analysis where real-time PCR results
could be expressed as ratios within each sample. Even this
method, however, does not circumvent a larger question about
marker representation, that is, if accurate enumeration or ra-
tios can be estimated, how does this relate to the original
contribution from each host animal? For example, suppose
that we detect equal numbers of cattle and human targets
within a sample. If the cattle marker is found in 1% of all cattle
isolates and the human marker is found in 10% of all human
isolates, then our original conclusion about a 50:50 contribu-
tion is incorrect by a 10-fold difference. More work will be
needed to assess the proportion and variance for markers that
are shed by host animals. More work is also needed to assess
the sample-to-sample variance and differential survivorship of
bacterial strains that harbor different BST markers.

Regardless of the method that is chosen, we advocate sim-
plicity so that institutions that need to address total maximum
daily load requirements can obtain accurate and timely infor-
mation at the lowest possible cost. If we recognize that there is
considerable variance in the temporal and spatial distributions
of host-specific markers, then one strategy may be to use
simple presence-absence detection (by PCR), but conclusions
would be based on multiple site visits. That is, conclusions
would be based on positive “events” rather than investing con-
siderable effort to carefully enumerate individual single sam-
ples. For example, if a site is visited 10 times, and on three
occasions markers are detected for human feces, but cattle
fecal markers are detected for all 10 samples, then one can
draw the reasonable conclusion that the contribution from
cattle is the first concern.
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