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Methods to assess the impact of goose fecal contamination are needed as the result of the increasing number of
Canada geese (Branta canadensis) near North American inland waters. However, there is little information on goose
fecal microbial communities, and such data are important for the development of host-specific source-tracking
methods. To address this issue, 16S rRNA gene clone libraries for Canada goose fecal samples from Ontario,
Canada, and Ohio were analyzed. Analyses of fecal clones from Ontario (447) and Ohio (302) showed that goose
fecal communities are dominated by the classes “Clostridia” (represented by 33.7% of clones) and “Bacilli” (38.1%
of clones) and the phylum “Bacteroidetes” (10.1% of clones). Sequences not previously found in other avian fecal
communities were used to develop host-specific assays. Fecal DNA extracts from sewage plants (10 samples) and
different species of birds (11 samples) and mammals (18 samples) were used to test for host specificity. Of all the
assays tested, one assay showed specificity for Canada goose fecal DNA. The PCR assay was positive for Canada
goose fecal DNA extracts collected from three locations in North America (Ohio, Oregon, and Ontario, Canada).
Additionally, of 48 DNA extracts from Lake Ontario waters presumed to be impacted by waterfowl feces, 19 tested
positive by the assay, although 10 were positive only after a nested PCR approach was used. Due to the level of host
specificity and the presence of signals in environmental waters, the assay is proposed as a part of the toolbox to

detect Canada goose contamination in waterfowl-contaminated waters.

Canada goose (Branta canadensis) is one of the most com-
mon waterfowl species in inland water areas in North America,
especially around the Great Lakes. Indeed, Canada goose pop-
ulations in the United States have been increasing in the last
decade (29). Feces produced by geese congregating around
surface water bodies are considered a potential source of fecal
bacteria in reservoirs that supply drinking water and in recre-
ational waters (4). More importantly, microbiological studies
of Canada geese have shown the incidence of pathogenic bac-
teria such as Salmonella spp. (19), Escherichia coli (1, 21), and
Vibrio spp. (30) and pathogenic protozoa such as Giardia sp.
and Cryptosporidium parvum (15, 20).

While the potential impact of waterfowl fecal contamination
on public health is relevant to beach closures and zoonosis,
unfortunately to date there are no methods that can specifically
trace goose fecal pollution in environmental waters. The lack
of detection methods is due in part to the limited information
on waterfowl fecal microbial community composition, most of
which has been obtained using culture-based methods. For
example, Hollander (17) studied intestinal microbiota of vari-
ous wintering goose species and found that the majority of the
isolated bacteria belonged to the genera Bacillus and Pseudo-

* Corresponding author. Mailing address: U.S. Environmental Pro-
tection Agency, Office of Research and Development, National Risk
Management Research Laboratory, 26 W. Martin Luther King Dr.,
MS-387, Cincinnati, OH 45268. Phone: (513) 569-7085. Fax: (513)
569-7328. E-mail: santodomingo.jorge@epa.gov.

+ Supplemental material for this article may be found at http://aem
.asm.org/.

¥ Published ahead of print on 24 July 2009.

5919

monas, while enterobacteria and streptococci were less com-
mon. Since culture-based studies can provide only a limited
picture of natural microbial communities, it is necessary to rely
on alternate methods like the sequence analysis of 16S rRNA
gene clone libraries. Thus far, there is no information on the
molecular diversity of Canada goose fecal microbiota, although
it has been hypothesized that waterfowl gut microbial commu-
nities are different from other gut communities (13).

In order to understand the public health impact of Canada
goose fecal pollution in natural waters, it is essential to have
adequate detection methods. Recently, microbial source-track-
ing methods based on Bacteroides-Prevotella 16S TRNA gene
sequences have been used to differentiate human and cow
from other animal fecal sources (2, 22). These methods have
taken advantage of the fact that “Bacteroidetes” are abundant
in mammalian fecal samples. Since “Bacteroidetes” are less
abundant in some avian species, approaches for detecting
chicken and gull fecal pollution in water have been based on
alternate targets, such as members of the classes “Clostridia”
and “Bacilli” (25, 26). The aims of this study were to provide a
description of the microbial community composition in goose
feces by using 16S rRNA gene sequence analysis and to de-
velop host-specific PCR assays to detect Canada goose fecal
pollution in environmental waters.

MATERIALS AND METHODS

Sample collection and DNA extraction. Fecal samples from Canada geese
were collected in Ohio (n = 12), Oregon (n = 3), and Ontario, Canada (n = 24).
Water samples were collected from goose-contaminated beaches in Toronto and
Hamilton on Lake Ontario. Droppings from healthy animals were aseptically
collected immediately after defection by the animals, placed into sterile centri-
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fuge tubes, and stored at —80°C until being used in DNA extractions. Total DNA
was extracted from all fecal samples collected in Ontario, Ohio, and Oregon by
using the FastDNA kit according to the instructions of the manufacturer (Qbio-
gene, Irvine, CA) and then eluted in 80 pl of water. The concentration of each
fecal DNA extract was measured using an ND-1000 UV-vis spectrophotometer
(NanoDrop Technologies, Inc., Berlin, Germany), and aliquots containing equal
DNA amounts from each individual fecal sample were mixed to generate a DNA
composite of fecal samples collected from each site.

16S rRNA gene clone libraries, DNA sequencing, and data analysis. Sequence
analysis of 16S rRNA gene products was used to describe the phylogenetic affilia-
tions of goose fecal bacterial populations. The 16S rRNA gene was amplified using
bacterial primers 27F (positions 8 to 27 [E. coli numbering], 5'-AGAGTTTGATC
MTGGCTCAG-3") and 926R (positions 926 to 945 [E. coli numbering], 5'-CCGT
CAATTC[A/C]TTT[A/G]JAGTTT-3’) and composite DNA as the template. PCR
amplifications were performed in a PTC-240 DNA Engine Tetrad 2 cycler (MJ
Research, Inc. Alameda, CA) using the cycling conditions described previously (25).
PCR products from five independent reactions were pooled and cloned into pCR4.1
TOPO (Invitrogen). Entire individual clones were sequenced using M13 forward
and reverse primers as described by Lu et al. (25). Sequencing was carried out by
automated methods using BigDye terminator chemistry and an Applied Biosystems
PRISM 3730XL DNA analyzer at the Cincinnati Children’s Hospital Medical Cen-
ter Genomics Core Facility (Cincinnati, OH).

Sequence editing and alignment were completed using Sequencher (Gene
Codes Corporation, Ann Arbor, MI). Homology searches were performed using
BLASTn and GenBank’s nr database (http:/www.ncbi.nlm.nih.gov/BLAST/) as
described previously (25). Chimeric sequences were identified by employing the
Check Chimera program of the Ribosomal Database Project (5) and creating
manual alignments of secondary structures. The Bellerophon program (18; http:
//foo.maths.uq.edu.au/~huber/bellerophon.pl) was also used to check for chime-
ras by comparing each sequence against the sequences from the same library. As
a final check for chimeras, unique sequences were split into 5’ and 3’ fragments
and analyzed separately using BLAST. Sequences for which either the 5 or 3’
fragment had significantly different closest relatives were considered probable
chimeras and were removed from the data set.

Primer d and develoy t of PCR assays. BLAST results were used to
identify sequences that showed less than 90% identity to sequences in GenBank.
Closely related sequences, including sequences from other fecal bacteria, were
used in alignments to identify unique regions. Sequences were then selected after
in silico cross-examination using BLAST. Primers used to develop host-specific
assays were designed using Primer Designer (version 2.01) (Scientific and Edu-
cational Software, Cary, NC). Prior to host specificity tests, primers were further
validated against sequences in GenBank.

Optimal thermal conditions for each primer set were determined using ther-
mal gradients and goose fecal DNA extracts as amplification templates. Assays
that produced signals at a wide range of temperatures were used in further
studies. The host specificities of the selected assays were evaluated using the
same protocol and samples described by Lu et al. (25). In addition, 10 sewage
samples from the following locations were included as part of host specificity
tests: Waldwick, NJ; Frankfort, KY; West Point, WA; St. Peter, MN; Rutland,
VT; Morehead, KY; Buffalo, NY; Milford, OH; Sacramento, CA; and Las Vegas,
NV. Assays that showed cross-amplification signals and PCR products of unex-
pected sizes were not further considered. To confirm the identities of PCR
products from Canada goose fecal samples collected in Ontario, clone libraries
were developed and analyzed as described above. Promising PCR assays were
also tested against individual fecal DNA extracts to determine the distribution of
the targeted populations in geese and against DNA extracts from water samples
impacted by goose fecal contamination. A nested PCR analysis was also con-
ducted to detect potentially low titers of the targeted sequence. In the nested
PCR assays, bacterial primers 27F and 926R (which cover approximately the first
930 positions of the rRNA gene) were first used as described above. An aliquot
(2 ) of the resulting PCR product was diluted 10-fold, and then 2 pl of the
dilution was used as the template for the nested PCR assay. The host-specific
primers anneal to positions within the first amplification product.

Nucleotide sequence accession numbers. Representative clone sequences were
deposited in GenBank with accession numbers FJ390504 to FJ390840.

RESULTS AND DISCUSSION

Phylogenetic analysis and comparison with other avian fecal
microbial communities. A total of 749 goose fecal 16S rRNA
gene sequences (447 from Ontario and 302 from Ohio) were
analyzed in this study (Table 1). Most of the sequences clus-
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TABLE 1. Distribution of clones obtained in Canada goose fecal

clone libraries

Phylum or class

Division, order, family, or

Ontario

library Ohio library

genus No. of % of No. of % of
clones total clones total
Actinobacteria Adlercreutzia 1 0.2 0 0
Arthrobacter 0 0 26 8.6
Cryobacterium 0 0 1 0.3
Curtobacterium 1 0.2 0 0
Frankia 1 0.2 0 0
Kineosporia 1 0.2 1 0.3
Leifsonia 0 0 1 0.3
Microbacterium 1 0.2 0 0
Mycobacterium 1 0.2 0 0
Olsenella 1 0.2 0 0
Patulibacter 1 0.2 0 0
Propionibacterium 1 0.2 0 0
Rhodoglobus 1 0.2 0 0
Sanguibacter 0 0 2 0.7
Slackia 1 0.2 0 0
Streptomyces 0 0 1 0.3
Subtercola 1 0.2 2 0.7
“Bacteroidetes” Bacteroides 5 1.1 16 53
“Bacteroidales” 0 0 7 2.3
Chryseobacterium 1 0.2 0 0
Flavobacterium 0 0 1 0.3
Parabacteroides 2 0.4 0 0
Porphyromonas 0 0 3 1
Prevotella 1 0.2 28 9.3
“Bacilli” Bacillus 19 43 18 6
Jeotgalibacillus 1 0.2 0 0
Lactococcus 55 123 3 1
Leuconostoc 6 1.3 0 0
Paenibacillus 1 0.2 20 6.6
Sporosarcina 1 0.2 0 0
Streptococcus 0 0 1 0.3
Turicibacter 122 273 49  16.2
Weissella 1 0.2 0 0
“Clostridia” Allisonella 1 0.2 0 0
Clostridium 117 26.2 63 209
Clostridiaceae 8 1.8 5 1.7
Coprococcus 0 0 1 0.3
Clostridiales 4 0.9 2 0.7
Dialister 0 0 1 0.3
Desulfotomaculum 2 0.4 0 0
Eubacterium 8 1.8 3 1
Faecalibacterium 3 0.7 0 0
“Lachnospiraceae” 0 0 1 0.3
Pectinatus 0 0 2 0.7
Megamonas 0 0 6 2
Peptococcus 6 13 0 0
Ruminococcus 11 25 1 0.3
Subdoligranulum 11 2.5 2 0.7
Mollicutes Erysipelothrix 1 0.2 0 0
“Candidatus Bacilloplasma” 1 0.2 0 0
Alphaproteobacteria  Agrobacterium 1 0.2 2 0.7
Devosia 1 0.2 1 0.3
Phyllobacterium 1 0.2 0 0
Rhizobium 0 0 5 1.7
Rhodobacter 13 29 0 0
Rhodoplanes 1 0.2 0 0
Rhodopseudomonas 1 0.2 1 0.3
Sinorhizobium 1 0.2 1 0.3
Sphingomonas 1 0.2 1 0.3
Betaproteobacteria Burkholderia 0 0 5 1.7
Variovorax 0 0 1 0.3
Duganella 0 0 1 0.3
Epsilonproteobacteria  Campylobacter 2 0.4 3 1
Helicobacter 3 0.7 12 4
Gammaproteobacteria Acinetobacter 4 0.8 0 0
Enterobacter 1 0.2 0 0
Escherichia 8 1.8 0 0
Kilebsiella 1 0.2 0 0
Pseudomonas 0 0 1 0.3
Psychrobacter 2 0.4 0 0
Stenotrophomonas 1 0.2 0 0
Unknown Candidate division TM7 1 0.2 0 0
Unknown 4 0.9 0 0
Total 447 302
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FIG. 1. Unrooted neighbor-joining tree of 16S rRNA gene sequences from low-G+C-content gram-positive bacteria, obtained from clone
libraries. Sequences were aligned and a bootstrap consensus tree was created using MEGA 3.1. The values along branches indicate the percent
confidence. The numbers in parentheses indicate numbers of sequences analyzed. CAN, Canada; OH, Ohio.

tered within the bacterial classes “Bacilli” (46.3% of those
from Ontario and 30.2% of those from Ohio) and “Clostridia”
(38.4% of those from Ontario and 28.9% of those from Ohio)
(Fig. 1). Twelve genera of “Clostridia” were represented in the
clone libraries, although most sequences were closely related
to sequences from the Clostridium genus. Among all the clones
identified as members of the “Bacilli,” species of the following
genera were the most abundant: Lactococcus, Bacillus, Paeni-
bacillus, and Turicibacter. The percentages of Bacillus and Tu-
ricibacter sequences in the two different (Ontario and Ohio)
libraries were similar. In contrast, most of the Lactococcus
sequences were obtained from the Ontario clone library while
most of the Paenibacillus sequences were of Ohio origin. Both
Lactococcus and Paenibacillus species have been isolated from
poultry cecum or feces, so they can be considered normal
members of the avian gut microbiota. However, the ecological
meaning of the differences in their relative abundance is yet to
be determined. Sequences similar to those from Actinobacteria
and “Bacteroidetes” were present in samples from both loca-
tions, although they were more dominant in the Ohio clone
library (accounting for 11.3 and 18.3% of Ohio sequences
versus 2.7 and 2.0% of Ontario sequences). Proteobacterial
sequences, including sequences closely related to those of po-
tentially pathogenic bacteria such as Campylobacter and Heli-
cobacter spp., were also retrieved from the clone libraries. On
average, proteobacterial sequences represented <3% of the
total clones analyzed.

To further understand the avian fecal microbial community,
the sequences obtained in this study were compared to pub-
lished data from 16S rRNA gene fecal and intestinal clone
libraries from gulls (26), chickens (14, 23, 24, 39), and turkeys
(27, 31) (Table 2). A total of 11 classes (22 orders) were
identified. On average, the majority of the sequences were

related to those from “Clostridia” (39.4%), “Bacilli” (24.1%),
and “Bacteroidetes” (16.8%). The highest average percentage
of clone sequences similar to those from “Clostridia” (i.e.,
57.0%) was found in chicken cecum specimens (Table 2), with
the dominant sequences being similar to sequences from Clos-
tridium and Ruminococcus spp. On average, sequences similar
to those from “Bacilli” were most abundant in waterfowl: Can-
ada goose (37.8%) and gull (37.1%). Based on average results,
sequences similar to those from “Bacteroidetes” represent a
smaller fraction of the avian fecal community, particularly in
waterfowl (7.1%). This finding is relevant to source tracking, as
sequences from “Bacteroidetes” are often used to develop host-
specific assays. However, it should be noted that “Bacte-
roidetes” have been found to be abundant in the gastrointesti-
nal tract of turkeys (31).

While at the bacterial class level, the compositions of the
microbial communities in feces from Canada geese are similar
to those in feces from other avian species, there were some
differences at the species level. For example, different species
of “Bacilli” were dominant in the two waterfowl species studied
thus far, Catellicoccus marimammalium in gull and Turicibacter
sanguinis in Canada goose. Assays specific to C. marimamma-
lium have been used recently to identify gull fecal contamina-
tion in surface waters (26). Although the presence of 7. san-
guinis in other avian feces has not been reported, similar
sequences have been retrieved from swine manure pits and
environmental samples. Additionally, Clostridium glycolicum
was numerically dominant in the goose feces. In summary,
approximately 27% of the Ohio and 41% of the Ontario goose
fecal clones were closely related to C. glycolicum and T. san-
guinis. Interestingly, in only a few instances have both of these
species been isolated from the gastrointestinal tracts of ani-
mals. The results from this study suggest that C. glycolicum and
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TABLE 2. Diversity of microbial communities in avian intestinal or fecal DNA

Phylum, (sub)class(es),

% in library*:

order, or genus”

CG1 CG2 Gull Chickenl Chicken2 Chicken3 Chicken4 Turkeyl Turkey2 Turkey3
Actinobacteria 2.9 11.3 6.4 8.3 0.1 0.1 5.5
Actinomycetales 1.8 11.3 6.4 2.1 52
Coriobacteridae 0.9 6.1 0.1 0.1 0.2
Rubrobacterales 0.2 0
“Bacteroidetes” 2.0 18.2 1.1 52 17.3 4.2 2.1 555 61.9 0.5
“Bacteroidales” 1.8 17.9 1.1 5.0 17.3 4.2 30.4 42.7 0.5
“Flavobacteriales” 0.2 0.3 0 0.2 0.5
“Bacilli” 455 30.1 37.1 11.3 5.1 28.7 1.3 0.9 3.0 77.9
Bacillales 31.8 28.8 1.8 3.1 3.7 0.1 0 30.9
“Lactobacillales” 13.7 1.3 35.3 8.2 5.1 24.4 0.7 3.0 47.1
“Clostridia” 38.9 29.1 17.3 65.6 449 65.2 52.3 35.0 34.8 11.3
Clostridiales 38.9 29.1 17.3 65.6 449 65.2 52.3 35.0 34.8 11.3
“Fusobacteria” 1.1 13.9
“Fusobacteriales” 1.1 13.9
Mollicutes 0.4 8.8 0.1
Anaeroplasmatales 0.4 8.8 0.1
Alphaproteobacteria 4.4 3.6 6.7 0.8 0.1
Rhizobiales (%) 1.3 33 2.8 0.8 0.1
Rhodobacterales 2.9 3.2
Sphingomonadales 0.2 0.3 0.7
Betaproteobacteria 4.2 2.3 4.3 0.7 0.6 4.2 1.0
Burkholderiales 4.2 2.3 3.9 0.7 4.2 1.0
Rhodocyclales 0.4 0.6 0
Deltaproteobacteria 0.4 3.1 0.4 0.8
Desulfovibrionales 0.4 31 0.4 0.8
Epsilonproteobacteria 1.1 5.0 0.4
Campylobacterales 1.1 5.0 0.4
Gammaproteobacteria 3.8 0.3 11.3 13 11.2 12 35.8 0.6 0.2 4.7
Aeromonadales 0.1 1.1
Pseudomonadales 14 0.3 4.9 1
“Enterobacteriales” 2.2 6.4 1.3 11.2 1.2 34.5 0.6 0.1
Xanthomonadales 0.2 0.1 3.7
Acinetobacter 0.1
Other classes 4.7 8.4 24
Unknown 1.1 32 18.4 72 10.1

“ CGl, Canada goose fecal library (n = 447) for samples from Toronto, Canada (this study); CG2, Canada goose fecal library (n = 302) for samples from Ohio (this
study); gull, gull fecal library (n = 282) for samples from West Virginia (26); chicken1, chicken cecal library (n = 616) for samples from Georgia (24); chicken2, chicken
cecal library (n = 98) for samples from Guelph, Canada (14); chicken3, chicken cecal library (n = 164) for samples from Hanoi, Vietnam (23); chicken4, chicken cecal
library (n = 1,656) for samples from Delaware (39); turkeyl, domestic-turkey cecal library (n = 685) for samples from Iowa (31); turkey2, wild-turkey cecal library (n =
627) for samples from Iowa (31); turkey3, turkey fecal library (n = 382) for samples from Ohio (26).

® Phylum and (sub)class names are in bold.

T. sanguinis bacteria are among the numerically dominant bac-
terial populations in goose feces and, therefore, are potential
targets for host-specific assays. In contrast, 29 sequences sim-
ilar to Prevotella sequences (identity, 86 to 90%) were present
only in the Ohio clone library. As they formed a unique clade
away from sequences retrieved from other gut environments
(rumens, human oral tract, dugong gut, and human gut) (Fig.
2), they were also treated as potential targets for source-track-
ing assay development.

Design of PCR assays and test for specificity. Sequences
identified as C. glycolicum and T. sanguinis were selected for
assay development, as they represented novel sequences that
were among the most abundant fecal clones. Additionally, Pre-
votella-like sequences were selected because they were unique,
although they were not as abundant in the clone library as
sequences from the two other bacterial species. Sequence
alignments identified unique regions for each bacterial target.
BLAST searches of potential species-specific sequences con-
firmed the specificities of the Prevotella group and T. sanguinis
primer sequences. In contrast, in silico tests of the selected C.

glycolicum primer sequences indicated the presence of se-
quences from environmental clones retrieved from several fe-
cal sources, suggesting that these may not be good targets for
host-specific studies.

A total of eight primers sets were designed (see Table S1 in
the supplemental material). Five were developed to target
Prevotella sequences from geese, and three were developed to
detect T. sanguinis. The T. sanguinis assays showed cross-am-
plification with pig, cow, chicken, and human (sewage) feces,
suggesting that these assays may not be useful in tracking
specific fecal sources. Originally isolated from the blood of a
febrile patient with acute appendicitis (3), T. sanguinis has also
been found in the insect gut (12, 33), dairy waste (28), and
cheese and milk samples (6). However, the results from this
study suggest that 7. sanguinis is more ubiquitous in the animal
gut than previously known. While the 7. sanguinis assays de-
veloped in this study are not fecal source specific, future stud-
ies should be conducted to determine if the occurrence of this
species in environmental waters can be used as an indication of
fecal pollution events. In general terms, the 7. sanguinis assays
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OH Canada goose clones (n=29, identity: 95-100%)
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FIG. 2. Unrooted neighbor-joining tree of 16S rRNA gene sequences (Ohio Canada goose clones including Prevatella-like sequences) com-
pared to other closely related clone library sequences retrieved from GenBank. Sequences were aligned and a bootstrap consensus tree was created

using MEGA 3.1.

developed in this study will also help in better understanding
the ecology of this fecal bacterial species.

Of the PCR assays designed to target the Prevotella goose
sequences obtained in this study, only two were host specific
(see Table S1 in the supplemental material). One of the host-
specific assays (CG199-Prev £2) showed poor host distribution
in the host, which was compatible with the fact that no signals
were obtained when the assays were challenged against DNA
extracts from water. The CG-Prev f5 PCR assay showed no
positive amplification signals from nontarget fecal DNA sam-
ples, including 10 sewage samples from different states in the
Great Lakes region, further validating the host specificity of
this assay (Table 3). Sequence analyses of PCR products from
goose fecal samples from Ontario confirmed the identities of
fecal PCR signals. Specifically, 29 clones from Ontario fecal
DNA extracts were analyzed, all of which were =97% identical
to the Ohio clones used to develop the host-specific assays.

Detection limits and marker distribution in the host for the
CG-Prev 5 PCR assay. The detection limit of the CG-Prev 5
PCR assay for Canada goose fecal DNA was 2 ng of fecal
DNA/reaction. Similar detection limits based on fecal DNA
template concentrations have been reported for human- and
swine-specific assays (34, 35), although lower detection limits
have been reported for chickens (25). Since the detection lim-
its obtained using plasmid constructs (i.e., PCR inserts)
showed that the assay is capable of detecting 2 plasmid copies
per reaction (Fig. 3), these results suggest that the targeted
populations are not dominant members of the microbial com-
munity in goose feces. This deduction is consistent with the
relatively low abundance of Prevotella-like clones obtained in
this study and clones of “Bacteroidetes” in other avian fecal
clone libraries (26, 27).

Experiments with individual Canada goose fecal samples
collected in Ohio and Ontario, Canada (Table 4), showed that
the CG-Prev f5 PCR assay produced relatively weak signals
from many of the individual samples. Similar results were ob-
tained with three additional samples collected in Oregon. A
nested PCR approach using universal primers followed by the
species-specific assay was then tested to further determine the
occurrence of goose-specific Prevotella (see Fig. S1 in the sup-
plemental material). Approximately 38% of the individual fe-
cal samples were positive by the conventional PCR approach,
while half (i.e., 51%) tested positive by the nested approach.
Specifically, three times more positive signals from Ohio fecal
samples were detected by the nested PCR approach than by
normal PCR. This result is in agreement with the fact that only
the Ohio clone library contains goose-specific Prevotella-like
sequences. Moreover, several Ontario fecal samples as well as
all Oregon fecal samples that were negative for the conven-
tional PCR signals were positive by the nested PCR approach.
Altogether, these results suggest relatively low abundance of
goose-specific Prevotella species in goose feces and potential
regional differences in abundance in fecal samples.

Experiments to detect goose-specific PCR signals in waters
with a history of waterfowl contamination were also conducted
(10, 11). Nearly 19% of the water samples collected in Lake
Ontario showed positive PCR signals in the goose-specific as-
say (Table 4). When a nested PCR approach was used, the
total proportion of water samples that tested positive increased
to 38%. Evidence of waterfowl fecal contamination at Lake
Ontario beaches was detected previously using E. coli antibi-
otic resistance and repetitive element PCR fingerprinting
methods (10, 11). However, these methods were not capable of
fully discriminating among waterfowl species. Considering the
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TABLE 3. Host specificity of Canada goose assay (CGf5rl) tested
against feces from various animals
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TABLE 4. Performance of Canada goose feces-specific PCR assay
with Canada goose fecal and water samples

No. of samples

No. of samples

. tested/no. of itive by:
Sample source Location Of. sample diffe/rent positive v
collection composites Normal Nested
tested PCR PCR
Pig DE 10/2 0 0
Cow wv 17/3 0 0
Cow DE 11/1 0 0
Human wv 16/3 0 0
Goat DE 10/2 0 0
Sheep DE 11/3 0 0
Horse \\A% 5/1 0 0
House cat wv 11/1 0 0
Domestic dog wv 13/1 0 0
Coyote X 10/1 0 0
Gray squirrel X 4/1 0 0
Deer wv 6/1 0 0
Possum X 2/1 0 0
Black vulture TX 11 0 0
Raccoon X 11 0 0
Hedgehog wv 1/1 0 0
Bobcat X 1/1 0 0
Red ape OH 1/1 0 0
Asia elephant OH 1/1 0 0
Turkey DE 11/1 0 0
Turkey OH 8/8 0 0
Pigeon wv 21 0 0
Pigeon OH 3/3 0 0
Duck GA 21/21 0 0
Duck OH 4/4 0 0
Chicken wv 14/1 0 0
Penguin OH 3/3 0 0
Parrot OH 4/4 0 0
Dove OH 2/2 0 0
Pelican OH 11 0 0
Ibis OH 1/1 0 0
Seagull wv 8/1 0 0
Sewage plant in:
Waldwick NJ 171 0 0
Frankfort KY 11 0 0
West Point WA 11 0 0
St. Peter MN 1/1 0 0
Rutland VT 1/1 0 0
Morehead KY 11 0 0
Buffalo NY 1/1 0 0
Milford OH 1/1 0 0
Sacramento CA 11 0 0
Las Vegas NV 11 0 0
Canada goose OH 12/1 1 1
Canada goose Ontario, Canada 24/1 1 1
1 2 3 4 5 6 8
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No.of  Sample Normal PCR Nested PCR
Sampling location . P result (no. of result (no. of
samples type S SO .
positive signals)  positive signals)
Mason, OH 12 Feces 3 10
Oregon 3 Feces 0 3
Ontario, Canada 24 Feces 12 6
Ontario, Canada 48 Water 9 19

relatively small populations of goose-specific Prevotella species in
fecal samples, the high level of host specificity of the Prevotella
marker, and the variable distribution of this marker in Canada
goose feces, and assuming that, as anaerobic bacteria, Prevotella-
like species are relatively poor survivors in environmental waters,
the results from this study suggest that goose feces are an impor-
tant source of fecal bacteria at some Lake Ontario beaches.

A limited number of host-specific waterfowl assays have
been described in the scientific literature. These assays have
used different approaches to retrieve host-specific genetic tar-
gets. For example, Hamilton et al. (16) used a subtractive
hybridization approach to develop goose- and duck-specific
macroarray assays based on E. coli gene fragments. By com-
bining different markers, they were able to identify 76 and 73%
of goose and duck E. coli isolates, respectively. When these
assays were applied to water samples, 51% of the E. coli iso-
lates were classified as being of waterfowl origin. However,
these assays showed high degrees of regional specificity and
cross-hybridization with approximately 5 to 10% of E. coli
strains isolated from human and other animal hosts. Culture-
independent methods have also been developed, albeit for a
limited number of waterfowl species. Devane et al. (7) devel-
oped a nested PCR assay targeting the 16S rRNA gene of a
Desulfovibrio sp. strain originally isolated from mallard ducks.
The assay was positive for most (76%) of the duck fecal sam-
ples tested and for smaller portions (20 and 15%, respectively)
of swan and Canada goose fecal samples. Cross-reactivity was
detected only with goat fecal samples. Approximately half (i.e.,
55%) of the water samples examined were positive in this
specific assay, although the correlations between signal detec-
tion and total coliforms and E. coli counts were not statistically
significant. Another recently developed method to detect gull

9 10 11 12 13 14 15 16 17

.

--327 bp

|

FIG. 3. Detection limits of the CGf5r1 assay. (A) Lanes: 2 to 5, 10-fold dilutions of Canada goose fecal DNA ranging from 20 to 0.02 ng per
PCR assay mixture; 6, negative control. (B) Lanes: 10 to 15, plasmid DNA (10-fold dilutions of plasmid DNA ranging from 2 X 10° to 2 copies
per PCR mixture) containing a targeted insert; 16, negative control. Lanes 1, 8, and 17 contain molecular size markers.
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feces based on 16S rRNA gene sequences targets C. marimam-
malium (26), a member of the family “Enterococcaceae.” The
assay was positive for water samples with known histories of
gull contamination but negative for waters impacted by Cana-
dian geese. Metagenomic approaches have also been used to
develop PCR assays specific to poultry. While thus far none of
the assays are specific to waterfowl, a couple of assays have
produced positive signals only with feces from avian species
(i.e., chicken, turkey, Canada goose, and pigeon) (25). Bioin-
formatic analyses suggested that the sequences used for assay
development are similar to Bacteroides fragilis and Lactobacil-
lus acidophilus genes encoding proteins. Their potential value
in waterfowl source-tracking studies has not been tested, but
clearly their application would be restricted to areas in which
nonpoultry species are not suspected to be important sources
of fecal pollution.

The importance of free-living bird populations as reservoirs for
human waterborne pathogens is becoming increasingly evident
(19, 21, 32, 36, 38). Due to their migratory character, waterfowl
populations can amplify and eventually transmit infectious mi-
crobes to humans by directly contaminating agricultural fields or
surface waters used for potable water, recreation, or crop irriga-
tion (8). The fact that the microbial composition of waterfowl
feces remains poorly studied has become a barrier for developing
methods to distinguish goose fecal sources from other animal
fecal sources. Recently developed source-tracking methods have
provided more direct evidence of the importance of gulls, ducks,
and geese in the microbial quality of recreational water, particu-
larly in the Great Lakes (10, 37). Our results suggest that the
goose CG-Prev f5 PCR assay developed in this study, in conjunc-
tion with a recently developed gull-specific assay (26), can also be
used to detect the presence of each waterfowl source without the
need for cultivating indicator bacteria or further processing envi-
ronmental isolates. While these PCR assays may have utility in
environmental monitoring, in order to realize their full potential
in fecal source-tracking applications, several issues need to be
addressed, such as the persistence of target DNA molecules in
water, the relevance of the PCR assay to current regulatory fecal
indicator methods used to monitor water quality (such as the
detection of E. coli and enterococci), and the link between the
prevalence of a specific DNA target sequence in the environment
and relevant public health risks. The fact that different methods
have been based on different bacterial species and different host-
specific genetic targets underscores the possibility of developing a
robust toolbox for the identification of primary sources of water-
fowl fecal pollution that could be used in a variety of environ-
mental scenarios.
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