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The contamination of waterways with fecal material is a persistent threat to public health. Identification of
the sources of fecal contamination is a vital component for abatement strategies and for determination of total
maximum daily loads. While phenotypic and genotypic techniques have been used to determine potential
sources of fecal bacteria in surface waters, most methods require construction of large known-source libraries,
and they often fail to adequately differentiate among environmental isolates originating from different animal
sources. In this study, we used pooled genomic tester and driver DNAs in suppression subtractive hybridiza-
tions to enrich for host source-specific DNA markers for Escherichia coli originating from locally isolated geese.
Seven markers were identified. When used as probes in colony hybridization studies, the combined marker
DNA:s identified 76% of the goose isolates tested and cross-hybridized, on average, with 5% of the human E. coli
strains and with less than 10% of the strains obtained from other animal hosts. In addition, the combined
probes identified 73% of the duck isolates examined, suggesting that they may be useful for determining the
contribution of waterfowl to fecal contamination. However, the hybridization probes reacted mainly with E. coli
isolates obtained from geese in the upper midwestern United States, indicating that there is regional specificity
of the markers identified. Coupled with high-throughput, automated macro- and microarray screening, these
markers may provide a quantitative, cost-effective, and accurate library-independent method for determining
the sources of genetically diverse E. coli strains for use in source-tracking studies. However, future efforts to
generate DNA markers specific for E. coli must include isolates obtained from geographically diverse animal

hosts.

The contamination of waterways by pathogenic microorgan-
isms is a persistent threat to public health (40, 43). The water-
borne pathogens can be transmitted though drinking water
systems, by water-related recreational activities, and by con-
sumption of shellfish (3, 8). Contamination of waterways with
fecal material has generally been considered the major source
of waterborne pathogens, and total maximum daily loads
(TMDLs) are currently being used to abate this type of pollu-
tion and restore waterways to their designated uses. Identifi-
cation of the sources of fecal contamination is a vital compo-
nent of TMDL determinations, providing information about
the type, magnitude, and location of pollutant inputs (46). The
sources of fecal coliform bacteria in the environment include
runoff from feedlots, manure-amended agricultural land, wild-
life, malfunctioning septic systems, urban runoff, sewage dis-
charge, and soilborne bacteria (21, 27).

Phenotypic and genotypic techniques have been used to
determine potential sources of fecal bacteria found in surface
waters (4, 5,9, 11, 14, 19, 27, 31, 33, 37-39, 41), and Escherichia
coli and Enterococcus sp. strains are the most widely examined
bacteria in such studies. The majority of these methodologies
require construction of known-source libraries to differentiate
among environmental isolates originating from different ani-
mal sources (41). However, since the size of the host source
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libraries is often limited (many libraries consist of about 35 to
about 2,500 isolates [27]), they do not permit adequate deter-
mination of potential sources of environmental E. coli and
Enterococcus isolates. Moreover, the utility of known-source
libraries is further limited by the lack of representation due to
temporal and geographic variations in bacterial genotypes
within and between animal species (13, 16, 24, 38), the pres-
ence of multiple strains in a single animal (31), host animal diet
variation (17), the presence of soil- and alga-borne indicator
organisms (7, 21), the presence of transient inhabitants of
gastrointestinal tracts, and the great genetic diversity of micro-
organisms used for source-tracking analyses (27, 31).

Based on these shortcomings, investigators have evaluated
the use of library-independent methods to define sources of
fecal bacteria in the environment. These methods, which avoid
issues of library size and isolate diversity, use both growth-
dependent and growth-independent technologies. Enteric vi-
ruses have been investigated for use in growth- and library-
independent analyses of fecal pollution sources. These studies
have revealed that viruses from various animal sources exhibit
some level of host specificity (26, 28, 34), and molecular assays
have been developed to examine the usefulness of viruses in
microbial source-tracking studies (12, 25). Bernhard and Field
have been developing 16S rRNA gene-based genetic markers
for growth- and library-independent analysis of Bifidobacte-
rium and Bacteroides-Prevotella for source identification pur-
poses (4, 5). Recently, Dick and coworkers reported effective
use of a microplate subtractive hybridization method to define
host-specific 16S rRNA-based genetic markers for Bacteroides
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sp. strains (10). In a separate study, Dick and coworkers (9)
analyzed Bacteroidales 16S TRNA gene sequences from the
feces of eight animals and designed host-specific PCR primers
to identify pig- and horse-derived fecal pollution in water.
Similarly, Scott and coworkers (39) reported isolation of a
host-specific marker gene of Enterococcus faecium, coding for
a putative virulence factor (esp), that allows determination of
sources of enterococci in waterways. While these methods
show great promise as microbial source-tracking tools, they
may be limited by the inability to obtain high-throughput data
and by the expense and limitations associated with the use of
PCR with environmental samples. In addition, neither system
allows correlation with fecal coliform or E. coli counts that are
commonly obtained by government agencies for freshwater
systems.

In this paper, we describe the development and validation of
host source-specific genetic markers for E. coli strains origi-
nating from Canada geese (Branta canadensis). These markers
were shown to be useful for determining sources of fecal pol-
lution in Lake Superior, and they are useful for high-through-
put studies. Instead of randomly screening for host source-
specific genes, we took a genomic comparison approach by
using suppression subtractive hybridization (SSH) to define
host source-specific markers. The SSH technique has been
found to be useful for examining genetic diversity in E. coli
(32), identifying genetic differences between closely related
strains (2, 32), examining pathogenicity determinants in E. coli
(22), and developing probes to examine natural bacterial com-
munities (30). More importantly, the SSH approach has been
found to be an effective tool for the development of strain- and
host source-specific marker probes (1, 10, 15, 20, 23, 29).

MATERIALS AND METHODS

E. coli strains. The E. coli strains used in SSH and subsequent specificity
analyses were obtained from a previous library of unique isolates obtained from
the feces of 12 known animal host sources (cats, chickens, cows, deer, dogs,
ducks, Canada geese, goats, horses, pigs, sheep, and turkeys) and humans (11,
27). All E. coli isolates were obtained in Minnesota and Wisconsin from 1998 to
2005. Unique strains were defined as isolates from a single host animal that had
DNA fingerprint similarity coefficients less than 90%. Horizontal fluorophore-
enhanced repetitive extragenic palindromic PCR (HFERP) DNA fingerprints
(27) for E. coli strains obtained from goose and human sources were analyzed for
genetic relatedness using Pearson’s product-moment correlation coefficient with
1% optimization, and dendrograms were generated using the unweighted pair
group method with arithmetic means. Based on these analyses, five strains from
geese (Go66, G090, Go126, Gol72, and Go206) and five strains from humans
(Hu51, Hul30, Hu132, Hu188, and Hu252) that showed maximum differences in
genetic relatedness were chosen for suppression subtractive hybridization studies
and subsequent probe development. An additional 200 unique E. coli isolates
were obtained on multiple days in 2004 from the water column 2 m offshore in
Lake Superior Harbor in Duluth, MN, as previously described (21). Twenty-
seven of these strains were presumptively identified as strains that originated
from geese based on HFERP DNA fingerprint comparisons and bootstrap anal-
yses done using known-source fingerprint libraries (21, 27).

To determine if marker DNAs were capable of hybridizing with goose isolates
from other geographic areas, 172, 100, 73, and 14 E. coli isolates were also
obtained from Canada geese in Delaware, West Virginia, Wisconsin, and Indi-
ana, respectively.

Isolation of environmental E. coli. Offshore lake water samples were collected
from Lake Phalen (St. Paul, MN), an urban lake frequented by Canada geese,
using standard procedures (6). Water samples (2 liters) were filtered through
0.45-pm Nuclepore polycarbonate membranes (Whatman, Florham Park, NJ).
Bacteria on the membranes were resuspended in phosphate-buffered saline (pH
7.0) using a sterile magnetic stir bar and vortexing to facilitate suspension of the
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bacterial cells. A total of 1,152 E. coli isolates were isolated from the concen-
trated samples as previously described (11) and stored at —80°C before use.

Suppression subtractive hybridization. SSH was done using the CLONTECH
PCR-Select bacterial genome subtraction kit (BD Biosciences CLONTECH,
Mountain View, CA) according to the manufacturer’s instructions. Genomic
DNAs from the five goose E. coli strains and five human E. coli strains were
prepared using a cesium chloride density gradient centrifugation method as
previously described (35). Two-microgram aliquots of genomic DNAs from the
five goose E. coli strains and five human E. coli strains were separately pooled
and used as tester and driver DNAs, respectively. Prior to the subtraction pro-
cedure, 2-pg aliquots of each pooled sample were digested to completion with
Rsal. SSH was repeated using PCR-amplified secondary subtraction products as
tester DNAs to further enrich for tester-specific fragments. To create a library of
potential DNA inserts that were specific for geese, the final subtraction products
were cloned into the pGEM-T vector using a T/A cloning procedure (Promega,
Madison, WI). A total of 192 clones were randomly selected and stored frozen
at —80°C in 50% glycerol until use.

Identification of DNA sequences specific for E. coli from geese. The library of
cloned potential goose-specific DNA fragments was screened for hybridization
specificity using a dot blot procedure as described by Schleicher & Schuell,
Keene, NH (http://www.schleicher-schuell.com/bioscience). Cloned insert DNAs
were amplified by PCR using nested primers 1 (5'-TCGAGCGGCCGCCCGG
GCAGGT-3") and 2R (5'-AGCGTGGTCGCGGCCGAGGT-3') provided in
the CLONTECH SSH kit. PCRs were carried out using the following conditions:
94°C for 2 min, followed by 25 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for
1 min and a final elongation step of 2 min at 72°C. PCR products (0.5 pg) were
spotted onto duplicate Nytran SuPerCharge nylon membranes (Schleicher &
Schuell, Keene, NH) using a dot blot vacuum manifold (Gibco-BRL, Gaithers-
burg, MD) and the Minifold spotting protocol (Schleicher & Schuell, Keene,
N.H.). Membranes were baked at 80°C for 2 h and prehybridized overnight at
42°C in a solution containing 6X SSC, 10X Denhardt’s solution, 1% sodium
dodecyl sulfate, and 100 g denatured herring sperm DNA per ml (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate) (36). Aliquots (125 ng) of Rsal-
digested pooled genomic DNAs from the five human E. coli strains or five goose
E. coli strains were labeled with [a->*P]CTP using a random primer labeling kit
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s protocol. Probes
were hybridized for 18 h at 46°C to membranes and washed under high-strin-
gency conditions as previously described (36). Images were captured using a
STORM 840 densitometer (Molecular Dynamics, Piscataway, NJ). Presumptive
goose-specific DNA inserts were identified on the basis of visual differences in
hybridization intensity.

Plasmids were isolated from presumptive goose-specific clones using a
QIAprep Spin miniprep kit (QIAGEN, Valencia, CA) according to the manu-
facturer’s protocol. Insert DNA was amplified by PCR using nested primers 1
and 2R as described above and electrophoresed on 2% agarose gels. DNAs were
transferred to Nytran SuPerCharge nylon membranes as described previously
(36). The membranes were probed with the Rsal-digested, pooled, genomic
DNAs as described above.

DNA sequencing and analysis. Confirmed goose-specific DNA inserts were
sequenced in both directions using pUC/M13 universal forward (5'-CGCCAG
GGTTTTCCCAGTC ACGAC-3') and reverse (5'-TCACACAGGAAACAGC
TATGAC-3") sequencing primers. Sequencing reactions were performed using
BigDye (Applied Biosystems, Foster City, CA) sequencing chemistry at the
Advanced Genetic Analysis Center, University of Minnesota, St. Paul. Trans-
lated sequences were analyzed using the BLASTX algorithm at NCBI (http:
/lwww.ncbi.nlm.nih.gov/BLAST) and the GenBank and E. coli databases.

Colony hybridization for probe eval tal application.
The specificity of subtracted DNA inserts was evaluated by colony hybridization
to 48 cat, 96 chicken, 96 cow, 96 deer, 96 dog, 81 duck, 135 goose, 42 goat, 78
horse, 210 human, 96 pig, 60 sheep, and 96 turkey E. coli isolates (27). An
additional 27 E. coli strains isolated from Lake Superior Harbor in Duluth, MN,
1,152 isolates from Lake Phalen (St. Paul, MN), and 359 isolates from Canada
geese obtained in Delaware, West Virginia, Wisconsin, and Indiana were also
evaluated by colony hybridization. Probe specificity was evaluated using blind
samples consisting of 96 randomly selected isolates obtained from geese, horses,
pigs, sheep, and humans. E. coli strains were inoculated from frozen stocks onto
Nytran SuPerCharge membranes (20 cm? Schleicher & Schuell, Keene, NH)
using a 48-pin multiple inoculator. The membranes were placed onto the sur-
faces of LB (36) agar plates (22 by 22 cm; Qtray Genetix, United Kingdom) and
incubated at 37°C for approximately 5 h. Colonies were lysed, and DNA on the
membranes was processed as described previously (36). Membranes were pre-
hybridized at 68°C overnight in a solution containing 6X SSC, 10X Denhardt’s
solution, and 100 pg denatured herring sperm DNA per ml. Probes from insert
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FIG. 1. Southern hybridization of eight SSH-derived, PCR-amplified
insert DNAs with 3?P-labeled Rsal-digested pooled genomic DNAs from
E. coli isolates obtained from geese (A) and humans (B). Panels A and B
show duplicate membranes probed with the genomic DNAs.

DNAs (50 ng) were labeled using the Random Primer DNA labeling system
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s protocol. Mem-
branes were hybridized overnight at 68°C in a solution containing 6X SSC, 10X
Denhardt’s solution, and 100 g denatured herring sperm DNA per ml. Blots
were finally washed in 0.1X SSC-0.1% sodium dodecyl sulfate at 65°C, and
images were obtained as described below.

Quantitative image analysis. Quantitative image analysis was used to deter-
mine positive and negative signals on colony hybridization membranes. Images
were captured using a STORM 840 densitometer (Molecular Dynamics, Piscat-
away, NJ) and were analyzed using the ScanAlyze version 2.50 software (http:
/[rana.lbl.gov/EisenSoftware.htm). The normalized intensity of each spot was
calculated by subtracting the median intensity of the background from the mean
intensity of each spot. Normalized spot intensities were plotted using the Sigma
Plot version 8.0 software (Systat Software, Point Richmond, CA), and a cutoff
value was assigned based on normalized mean intensities of negative control
spots plus three times the standard deviation.

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in this study have been deposited in the GenBank database under accession
numbers DQ300500 to DQ300502 and DQ300504 to DQ300507.

RESULTS

Isolation of goose-specific DNA fragments. Following SSH,
192 putative goose-specific DNA clones were randomly se-
lected to create a DNA subtraction library. The cloned insert
DNAs were initially screened using a dot blot protocol to
determine hybridization specificity. Twenty clones exhibited
increased hybridization intensity when they were probed with
labeled Rsal-digested genomic DNAs from the five pooled E.
coli strains from geese compared to the intensity seen with the
pooled E. coli genomic DNAs from humans. The hybridization
specificity of DNA inserts from these clones was further eval-
uated by Southern hybridization using the probes that were
used in the dot blot hybridizations. Southern hybridization
analyses indicated that 17 cloned insert DNAs were goose
specific. The results of Southern hybridization analyses of a
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FIG. 2. Colony hybridization of **P-labeled GE11 insert DNA with
unique E. coli isolates obtained from geese and humans. The positive
and negative control strains are enclosed in a box.

representative group of eight goose-specific insert DNAs are
shown in Fig. 1.

Analysis of insert specificity. While Southern hybridization
analyses confirmed that several of the cloned DNA fragments
hybridized specifically to goose genomic DNAs, this specificity
analysis was limited to probes derived from the goose and
human E. coli strains used in the initial SSH procedure. To
examine the hybridization specificity of the clones in more
detail, colony hybridization experiments were done to identify
cloned insert DNAs that hybridized with many E. coli strains
from geese and with only a few strains from humans. A library
consisting of 135 and 210 unique E. coli isolates from geese and
humans, respectively, was cultured on nylon membranes and
individually probed with 14 of the **P-labeled PCR-amplified
insert DNAs from the confirmed goose-specific clones. The
remaining three cloned insert DNAs were not evaluated fur-
ther since they were duplicates of existing clones. A represen-
tative image of a colony hybridization membrane is shown in
Fig. 2. DNAs from the five goose E. coli strains and five human
E. coli strains that were used in SSH were used as references
for determining positive and negative hybridization signals,
respectively, and quantitative image analysis was performed to
determine the pixel intensities of the individual colony spots
(Fig. 3). The cutoff value was determined to be the mean
intensity of the five human strains plus three times the stan-
dard deviation. Based on these analyses, 7 of 14 (50%) goose-
specific DNA inserts (GA9, GB2, GD5, GE3, GE11, GF5, and
GG11) exhibited specific hybridization with goose E. coli
strains compared to the hybridization seen with strains isolated
from humans (Table 1). The insert DNAs hybridized with 20.7
to 48.1% of the 135 unique goose strains tested. In contrast,
the insert DNAs tested cross-hybridized with 1 to 10% of the
210 E. coli strains from humans. Insert DNAs GB2 and GE11
hybridized to the greatest number of goose isolates (48.1% of
the isolates). Together, the seven probes hybridized with about
76% of the E. coli strains from geese and cross-hybridized, on
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FIG. 3. Pixel intensities for a colony hybridization membrane con- 5‘ 3 - 3 n 2

taining 134 and 209 unique E. coli strains isolated from geese (@) and
humans (O), respectively. The membrane was probed with **P-labeled
DNA of marker insert GE11. The dashed line indicates a cutoff value
for determining positive and negative signals.

average, with 5% of the human E. coli strains. These hybrid-
ization experiments were repeated twice in triplicate to verify
the results.

Host specificity determination. Since the goose-specific
marker DNAs identified will ultimately be used to examine E.
coli in natural habitats, it is important to determine whether
the probes cross-hybridize with E. coli from other host animal
species. To examine this, we hybridized each **P-labeled insert
DNA probe to 891 unique E. coli strains isolated from cats,
chickens, cows, deer, ducks, goats, horses, humans, pigs, sheep,
and turkeys. The results, summarized in Fig. 4, showed that the
probes hybridized to 76% of the goose isolates examined. Sim-
ilarly, the probes cross-hybridized to 73% of the duck isolates.
In contrast, the probes cross-hybridized with a limited number
of E. coli isolates from other host species, and the greatest
cross-hybridization occurred with E. coli isolates from turkeys
(14.6%) and chickens (12.5%). These results indicated that the
greatest cross-hybridization occurred with E. coli isolates from
avian hosts. The mean frequency of false-positive cross-hybrid-
ization of the probes to E. coli from other host sources was
about 9%.

Hybridization specificity was also evaluated by using a blind
sample consisting of 96 isolates, including 19 goose, 20 horse,

TABLE 1. Goose-specific marker DNAs isolated using suppression
subtractive hybridization

% of E. coli isolates hybridizing with marker

DNA probes
Marker DNA
Goose isolates Human isolates
(n = 135)* (n = 210)
GA9 27.4 1.9
GB2 48.1 3.3
GD5 30.4 9.1
GE3 23.6 7.2
GEl11 48.1 4.8
GF5 20.7 10.0
GGl11 31.1 1.0

“n is the total number of strains examined by colony hybridization.

Host for E. coli isolation

FIG. 4. Percentages of E. coli strains hybridizing with **P-labeled,
pooled insert GB2 and GE11 marker DNAs obtained by colony hy-
bridization and pixel intensity analysis. The values above the bars are
hybridization percentages.

20 pig, 20 sheep, and 17 human E. coli strains. The seven
probes evaluated (GA9, GB2, GDS, GE3, GE11, GFS5, and
GG11) hybridized with 14 of 19 goose strains (73.7%) and only
6 of 77 (7.8%) of the strains from other animals (data not
shown).

Environmental E. coli and geographic analyses. To examine
the correlation between the results obtained using the new
markers described in this paper and the results obtained using
other methods, we isolated about 200 E. coli strains from
Duluth harbor water and analyzed them first by using the
HFERP DNA fingerprinting technique and then by hybridiza-
tion using combined *?P-labeled insert DNAs GB2 and GE11.
Of the 200 E. coli isolates examined, 27 (13.5%) were identi-
fied as isolates that likely originated from geese using the
HFERP DNA fingerprinting technique, a comprehensive
known-source DNA fingerprint library, and ID bootstrap anal-
ysis with a P value of =0.9 (27). When isolates were screened
by colony hybridization to a pooled GB2/GE11 insert DNA
probe, 22 of 27 strains hybridized with the probe. This corre-
sponded to 81.5% agreement between HFERP classification
and marker probe analysis using the GB2/GE11 screening sys-
tem described here. The applicability of DNA marker technol-
ogy was also demonstrated by screening randomly selected
environmental E. coli isolates from Lake Phalen, a local urban
lake frequently affected by Canada geese. Of the 1,152 isolates
examined, 301 (26.1%) tested positive with the GB2 and GE11
probes.

To determine if the DNA markers used could identify E. coli
from geese obtained from other geographic regions of the
United States, we hybridized probes GB2 and GE11 with an
additional 359 goose isolates obtained from Delaware, Indi-
ana, Wisconsin, and West Virginia. The results of this experi-
ment demonstrated that only 24.0% of the isolates hybridized
to the marker DNAs (data not shown). Probes GB2 and GE11
hybridized to 20, 28, 38, and 20% of the goose E. coli strains
from Delaware, Indiana, Wisconsin, and West Virginia, re-
spectively.
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TABLE 2. Insert marker DNAs showing hybridization specificity with E. coli isolates from geese

No. of identical

g};\?;‘t L?gl 5; h Protein homolog in database ac(jeesgg)in]rio. amino af:ids/a E value
no. examined
GA9 515 Type III secretion apparatus protein (E. coli O157:H7 EDL933) AAG57987 61/161 (37) 1.00E-26
GB2 332 AIDA-I adhesin-like protein (E. coli O157:H7 RIMD 0509952) BAB33785 81/123 (65) 2.20E-40
GD5 885 TraT (E. coli plasmid R1) AAT85681 112/132 (85) 2.00E-57
GE3 380 NikB (E. coli O157:H7 RIMD 0509952) NP_052661 30/88 (34) 2.00E-05
GEl11 336 AIDA-I adhesin-like protein (E. coli O157:H7 RIMD 0509952) BAB33785 81/123 (66) 1.00E-40
GF5 346 OREFS5 (no significant homologous proteins in database) (E. coli B171) AAB36834 57/58 (98) 2.00E-27
GGl1 427 Type III secretion protein EprH (E. coli O157:H7 RIMD 0509952) BAB37142 31/101 (32) 1.00E-11

“ The values in parentheses are the percentages of identity with database entries.

Sequencing and BLAST searches. The seven confirmed
goose- and duck-specific DNA inserts were sequenced in both
directions, and translated sequences were subjected to
BLASTX analyses using E. coli protein databases at NCBIL.
The sequenced inserts were between 332 and 885 bp long. The
results of BLASTX homology searches are summarized in Ta-
ble 2. The GB2 and GEI11 inserts, each of which hybridized to
about 48% of the E. coli strains from geese, were 93% identical
to each another at the nucleotide level. When the sequences
were translated, there was significant amino acid homology (65%
and 66% amino acid identity, respectively) to the C-terminal
fragment of the AIDA-I adhesin-like protein of E. coli O157:H7
(GenBank accession no. BAB33785). The GDS insert product
exhibited 89% amino acid identity to a fragment of the TraT
complement resistance protein of E. coli (accession no.
AATS85681), and the GFS5 insert was 98% identical to ORFS in E.
coli, with no significant matches to any entries in the database.
Other matches with less than 50% amino acid identity to proteins
in the database included two type III secretion machinery pro-
teins from E. coli O157:H7 (accession no. AAGS57987 and
BAB37142) and a NikB nickase (accession no. NP_052661).

DISCUSSION

In this study, SSH was successfully used to identify seven
DNA markers with high levels of hybridization specificity for
E. coli strains originating from geese. Combined, the marker
DNAs were capable of identifying about 76% of the goose E.
coli strains examined and 73% of the duck E. coli strains
examined. In contrast, on average, the probes cross-reacted
with about 10% of the E. coli isolates from other host species.
As our goal was to identify sequences specific for goose strains,
we adapted the standard SSH protocol by using pooled
genomic DNAs from multiple goose and human strains as the
tester and driver DNAs, respectively. By using pooled genomic
DNAs rather than DNA from a single strain, we expected that
more genetic diversity among the goose E. coli isolates could
be uncovered and that the subtraction products obtained
would more likely be present in other goose isolates than in E.
coli strains from humans. Thus, the method employed was
expected to enrich for sequences found in all of the pooled
tester genomes rather than fragments present in only a single
genome. This hypothesis was shown to be true by the presence
of very similar, but not identical, DNA sequences in inserts
GB2 and GEl11. An additional clone with 100% identity to

GE11 was also identified using this approach, but it was not
used in further analyses (data not shown).

One downside of using multiple tester DNAs is reduced
subtraction efficiency due to the increased complexity intro-
duced into the reaction. Generally, genome subtraction yields
greater than 25% tester-specific sequences after screening
(CLONTECH, Mountain View, CA), compared to the approx-
imately 9% efficiency that was observed in this study. However,
reduced efficiency was not found to be an issue with the screen-
ing procedures that we employed, and for our purposes in-
creased hybridization specificity and the ability to identify
more isolates are the most important parameters. Seven goose-
specific insert DNAs exhibited increased hybridization with
strains isolated from geese compared to the hybridization with
isolates obtained from humans. While these insert DNAs each
hybridized with less than one-half of the goose isolates tested,
revealing genetic diversity in goose E. coli strains, together the
inserts identified 76 and 72% of the E. coli isolates from goose
and ducks, respectively. Consequently, subsequent field studies
should be done using pooled insert DNAs as hybridization
probes.

When the sequences were translated, the products of the
nearly identical insert DNAs GB2 and GEL11 exhibited 65%
amino acid identity to the C-terminal portion of the AIDA-I
adhesin-like protein of E. coli strain O157:H7. This result sug-
gests that inserts GB2 and GE11 are fragments of an uniden-
tified adhesin-like gene. As adhesins mediate the attachment
of bacteria to host tissues (45), it seems plausible and logical
that this putative gene may mediate the attachment of specific
E. coli isolates to the goose intestinal tract. Attachment to the
host intestinal epithelium is the necessary first step in gut
colonization (45), and, therefore, the putative gene may be
responsible for preferential colonization of the goose host. If
this hypothesis is validated by experimental in vivo coloniza-
tion data, other adhesin genes that participate in host-specific
colonization may also represent ecologically meaningful mark-
ers that can be targeted for microbial source-tracking pur-
poses.

Since together the seven DNA inserts hybridized with 76%
of goose isolates, we examined whether the probes cross-hy-
bridized with isolates from cats, chickens, cows, deer, ducks,
goats, horses, humans, pigs, sheep, and turkeys. Interestingly,
the seven probes cross-hybridized with 73% of the E. coli
isolates from ducks and with 14.6 and 12.5% of the isolates
from turkeys and chickens, respectively, but with only about
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10% of the E. coli strains from other hosts. However, the
results of preliminary studies indicated that the GB2 and GE11
probes cross-hybridized with 11 and 9% of gull and tern E. coli
isolates, respectively. Presumably, these results are due to the
close genetic relationship between chickens, ducks, geese, and
turkeys and may indicate that the intestinal tracts of some
avian species can be colonized by the same E. coli strain.
Alternately, they may reflect the cosmopolitan nature of some
E. coli strains (47), a transient intestinal population structure
(18), a lack of host specificity in this subgroup of E. coli, or the
presence of multiple adhesins that mediate colonization (44).

Recently, Soule et al. (42) used a microarray approach to
identify several DNA markers from Enterococcus sp. that were
subsequently used to develop host-specific PCR primers.
While many of the markers identified were specific for Entero-
coccus isolates from targeted host species, they often failed to
detect a high percentage of the isolates from these hosts. How-
ever, other markers detected from 27 to 45% of the entero-
cocci from targeted host species, but they also detected 1.1 to
7.1% of the nontargeted isolates. This result is similar to cross-
reactions that we found in the current study using the DNA
probes (Fig. 4). In contrast, Bernhard and Field (4) and Dick
et al. (10) reported that PCR primers for Bacteroidales did not
detect nontargeted hosts, suggesting that the markers which
they used were more specific than those found in our study.
However, these authors analyzed diluted fecal samples and
DNAs rather than individual colonies, making direct compar-
isons to our method difficult.

Results obtained from screening water isolates from Lake
Superior with the combined GB2/GEll probe compared
favorably with results obtained using the HFERP DNA finger-
printing method for assigning isolates to host source groups.
Of the 27 isolates assigned to goose sources by HFERP, 22
(81.5%) had a positive hybridization signal with the GB2/GE11
probe. While the library-dependent HFERP method was pre-
viously shown to correctly identify about 70% of the waterfowl
isolates in a known-source library (27) and far fewer environ-
mental isolates, the method described here is a vast improve-
ment for accurately and quantitatively determining the host
origins of environmental isolates. Moreover, with the library-
independent hybridization-based marker method there are
fewer false-positive and false-negative reactions than there are
with the HFERP and other techniques that have been evalu-
ated recently, except for host-specific PCR analysis (14). The
applicability of this DNA marker technology was also evalu-
ated by screening E. coli isolates from Lake Phalen, a local
urban lake frequently affected by Canada geese. The results of
this analysis indicated that 26% of the 1,152 isolates examined
hybridized with the GB2 and GE11 probes. These data further
illustrate that the DNA markers identified can be used for
environmental isolates. Considerably greater numbers of envi-
ronmental isolates will most likely be found if hybridizations
are done using the seven combined markers. Large-scale field
studies using the combined seven probes will be done in the
summer of 2006 to assess the impact of geese on Lake Superior
beaches.

To assess whether the DNA markers allowed detection of
goose E. coli strains from different geographic regions, we
obtained isolates from eastern and midwestern United States.
The results of our studies indicated that the combined GB2
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and GEL11 probes identified only 24% of the isolates examined.
While the level of identification most likely would increase if
all seven marker probes were used, our results suggest that E.
coli strains are geographically distributed. Since the library that
we used was constructed with goose E. coli strains isolated
from two locations in Minnesota, it is not surprising that the
highest percentage of strains identified were isolated in Wis-
consin, a bordering state. Consequently, future efforts in which
SSH is used to generate DNA markers specific for animal hosts
should be done with tester strains originating from several
regions of the United States.

In the past, the development of microbial source-tracking
techniques has focused on library-dependent methods (37, 41).
However, these methods suffer from the need to develop and
maintain large reference libraries for comparisons with envi-
ronmental isolates. Additionally, geographic and temporal
variability in isolates, transportability issues, the inability to
assign many environmental isolates to source groups, the large
library sizes needed to adequately capture genetic diversity,
and the high levels of false-positive and false-negative assign-
ments make these methods difficult to implement at a large
and economically feasible scale (14, 27). In contrast, library-
independent methods that screen for host-specific and ecolog-
ically meaningful genes alleviate many of these issues. These
genes most likely would not be influenced by geographic and
temporal variability, as they would be stable in bacterial iso-
lates obtained recently from a specific host source. While li-
brary-independent marker gene approaches have recently
been investigated as source-tracking tools with members of the
genus Bifidobacterium and the Bacteroides-Prevotella group (4,
5), these organisms are rarely quantified in routine analyses of
fecal bacteria in waterways. Conversely, E. coli is becoming one
of the most frequently monitored indicators of fecal contami-
nation of freshwater systems, and thus, source-tracking infor-
mation obtained using the markers reported here can be easily
coupled with existing and new fecal count data for TMDL
analyses and abatement strategies. Recently, a library-indepen-
dent marker gene method has also been developed for Entero-
coccus species (39), allowing similar analyses for saltwater en-
vironments.

Since waterways are most often contaminated by fecal bac-
teria originating from several different sources rather than a
single animal host species, it is frequently necessary to screen
large numbers of isolates for accurate determination of host
sources (31). The development of host-specific DNA frag-
ments for screening by colony hybridization provides a cost-
effective quantitative method for simultaneous analysis of
many bacterial isolates. Moreover, this method can be easily
adapted for automated, rapid, and high-throughput macro-
and microarray screening strategies, reducing the time and
expense of analyzing the thousands of isolates needed for
large-scale and accurate source-tracking studies.

In summary, our results provide evidence that SSH is an
effective tool for identification of ecologically meaningful
marker DNAs that can be used to identify a large number of
genetically diverse E. coli isolates originating from geese.
While our initial studies indicated that these markers can be
effectively used as hybridization probes to determine the
source of environmental E coli isolates, more extensive field
testing is needed before large-scale microbial source-tracking
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studies can be initiated. Nevertheless, we believe that the SSH
approach will allow us to identify additional markers for E. coli
strains from humans and other animals and to obtain more
comprehensive information about sources of fecal contamina-
tion in waterways. Coupled with high-throughput, automated
macro- and microarray screening, these markers may provide a
cost-effective, quantitative, and accurate method for determin-
ing sources of genetically diverse E. coli strains for use in water
quality analyses and TMDL determinations.
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