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ABSTRACT

We evaluated the use of DGGE fingerprinting to differentiate communities of Escherichia coli
from animal and geographic sources. An initial screening of 15 gene candidates revealed
the ability of three target genes (mdh, phoE and uidA-4) to effectively differentiate E. coli
communities originating in horses, pigs, geese and goats. Cluster and jackknife analyses
performed on the communities from a more extensive number of hosts (n = 150) including
humans (via raw sewage), horses, pigs, geese and cows revealed that the internal accuracy
of classification of E. coli community fingerprints to their origin was similar for each of the
three genes (85-86%). Each of the three genes were tested for their ability to associate E. coli
source- and sink communities in two settings featuring contaminated water; (i) a stream
receiving municipal wastewater effluent and (ii) a pond inhabited by geese. For each gene,
DGGE fingerprints effectively matched effluent- and downstream E. coli communities
(98-100% similarity) and excluded upstream communities, while communities from goose
fecal material were 77-79% similar to communities in pond water, indicating fecal inputs
from geese. Furthermore, each gene discriminated against E. coli communities from hosts
non-indigenous to either setting. DGGE analysis of E. coli communities appears to be
a promising tool to augment existing efforts aiming to address the dynamics of bacteria
pollution in complex, natural environments.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

beach advisories and closings in the United States (Stoner and
Dorfman, 2007). Since the most cost-effective measure to

Despite increased monitoring and advances in detection
methods, fecal pollution remains a persistent environmental
challenge and a threat to public health. Primary contact with
contaminated water is associated with increased incidences of
gastrointestinal, respiratory, eye, ear, and skin illnesses (Pruss,
1998). While efforts are ongoing to minimize the contamina-
tion of natural waters, successful mitigation is limited when
the source of the pollution is unknown (Stoner and Dorfman,
2007). Unknown pollution sources and pollution runoff are
common and have accounted for 54 and 40%, respectively, of
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reduce frequently occurring fecal pollution is to identify and
mitigate the pollution at its source (Simpson et al., 2002), aneed
exists for tools that can effectively detect and characterize
fecal pathogens in the natural environment. Since no method
currently exists that can rapidly detect the variety of pathogens
associated with fecal pollution, indicator bacteria such as
Escherichia coli, which are commonly found in animal fecal
material, are typically used as a measure of fecal pollution
(Santo Domingo and Sadowsky, 2007). The idea that some
animal hosts are known to harbor unique E. coli strain
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assemblages (McLellan et al., 2003; McLellan, 2004, Anderson
etal., 2006) has generated considerable interest in techniques
such as community fingerprinting that can differentiate E. coli
communities contaminating the natural environment
(Farnleitner et al.,, 2000b; Stewart et al., 2003; Sigler and
Pasutti, 2006). The ability to characterize and differentiate E.
coli communities in a single fingerprint might not only
facilitate the mitigation of fecal pollution, but also address the
impact of environmental perturbations (i.e. pollution runoff,
agricultural practices, land use changes) and seasonal, spatial
and geographic variation on pathogen indicators.

Denaturing gradient gel electrophoresis (DGGE) analysis is
a frequently used method for genetic fingerprinting of microbial
communities (Muyzer, 1999). The method allows the repro-
ducible differentiation of complex microbial communities by
separating PCR amplicons that differ in DNA sequence by as
little as one nucleotide (Myers et al., 1985; Muyzer, 1999). While
DGGE analysis is most commonly used to analyze communities
at the genus (or higher) taxonomic rank (Muyzer, 1999;
Farnleitner et al., 2000b), analyses of communities at the species
level, including E. coli, have been performed (Farnleitner et al.,
2000a,b; Sigler and Pasutti, 2006). Since assemblages of E. coli
strains tend to exhibit some degree of host specificity (Hamilton
et al., 2006; Khatib et al., 2002, 2003; Ram et al., 2004), DGGE
analysis has the potential to generate E. coli community finger-
prints descriptive of a specific host- or geographic location. It
follows that fingerprints of E. coli communities collected from
differing contaminated environments could be compared as an
initial step to determine the similarity, and therefore a coupling,
between pollution sinks and potential sources.

The use of DGGE analysis to characterize E. coli communi-
ties relies on targeting a gene that meets three requirements.
First, the gene must be E. coli-specific. Second, PCR amplifi-
cation of the gene should result in DNA of appropriate size for
DGGE analysis. Third, it must exhibit sequence polymorphism
among differing E. coli strains that allows for the discrimina-
tion of E. coli communities of a specific host- or geographic
location. Studies focusing on the detection of E. coli have
resulted in numerous PCR primer sets that represent reason-
able candidates for DGGE analysis. These include genes
encoding 16S ribosomal RNA (16S rRNA) (Tsen et al., 1998;
Sabat et al., 2000), 23S ribosomal RNA (23S rRNA) (Zwirglmaier
et al., 2004), B-3-p-glucuronidase (uidA) (Bej et al.,, 1991;
McDaniels et al., 1998), B-3-p-glucuronidase regulatory gene
(uidR) (Bej et al., 1991), malate dehydrogenase (mdh) (Hsu and
Tsen, 2001), lambda phage attachment site peptide (lamB) (Bej
et al, 1990), glutamate decarboxylase (gadAB) (McDaniels
et al., 1998), alanine racimase (alr) (Yokoigawa et al., 1999),
maltose transport operon (malB) (Candrian et al., 1991),
a transferase involved in Enterobacterial common antigen-
ECA biosynthesis (wecA) (Bayardelle and Zafarullah, 2002) and
an outer membrane phosphoporin ( phoE ) protein (Spierings
et al.,, 1993). However, with the exception of one segment of
uidA (Farnleitner et al., 2000b; Sigler and Pasutti, 2006), none
have been evaluated for their potential to differentiate E. coli
communities with regard to environmental water quality.
Therefore, the purpose of this study was to comprehensively
evaluate these genes for their suitability in DGGE-based
differentiation of E. coli communities collected from primary
hosts and natural waters. This was performed by assessing (i)

the frequency of detection of each candidate gene within
a collection of environmental E. coli, (ii) the ability of DGGE
fingerprints generated from each gene to differentiate E. coli
communities originating from different primary hosts, and
(iii) the utility of DGGE to associate E. coli communities origi-
nating in potential sources with those in pollution sinks.

2. Materials and methods

2.1. Detection of target genes among environmental
E. coli

2.1.1. Collection and identification of E. coli isolates

Water samples were obtained from three sites along Lake Erie
Beach (LEB) in Maumee Bay State Park (OH) by inverting
a sterile, 11 bottle approximately 30 cm below the water
surface. Samples were maintained on ice until analysis was
performed (within 2h of collection). A collection of E. coli
isolates was generated by filtering an appropriate volume of
water through sterile, nitrocellulose membranes (0.45pm
pore size), and then transferring membranes to Modified m-
TEC agar (Difco, USA). Following incubation at 44.5 °C for 16 h,
well-isolated, putative E. coli (purple colonies, n=176) were
transferred to eosin methylene blue agar (Remel, USA) and
incubated at 37°C for 24h. Putative E. coli isolates were
simultaneously subjected to PCR using primers specific for the
16S rRNA gene of E. coli (Sabat et al., 2000). All putative E. coli
isolates displayed the expected phenotype for E. coli on eosin
methylene blue agar and also generated a correctly sized PCR
product (544 bp). A glycerol stock of each confirmed E. coli
isolate was prepared and stored at —80 °C.

2.1.2. DNA isolation from E. coli and detection of target genes
Each of the confirmed E. coli isolates was grown for 16 h with
shaking in Luria broth at 37 °C followed by centrifugation for
5 min at 4500 x g. The resulting cell pellet was suspended in
1 ml of DNA extraction buffer containing 50 mM NaCl, 50 mM
Tris-HCI (pH=7.6), 50 mM EDTA (pH=_8) and 5% SDS. The
solution was transferred to a sterile tube containing 0.5 ml of
glass beads (0.1 mm diameter) (Biospec Products, Inc., USA)
and subjected to mechanical bead beating (15 s at4 ms™") using
a Fastprep bead beater (Thermosavant). The tubes were
centrifuged for 1 min at 13,000 x g, and the supernatant was
transferred to a new tube, followed by DNA purification and
precipitation according to the phenol/chloroform method of
Sambrook et al. (1989). Purified DNA was quantified by
measuring Ajg, While purity was measured by calculating
Ayso/Asrgo. The DNA was diluted with nuclease-free water to
achieve a final concentration of 100 ugml~?, and stored at
—20°C. The detection frequency for each of the gene was
assessed by PCR analysis of the DNA from each of the 176 E. coli
isolates. One microliter of the isolated DNA (equivalent to
0.1pug) was used in a 25ul reaction mixture according to
previously published PCR conditions specific for each primer
set (Table 1). For each set of PCRreactions, DNAisolated from E.
coli strain DH5a served as a positive control, while a negative
controlreaction contained nuclease-free water instead of DNA.
PCR products were visualized following agarose gel electro-
phoresis and compared to a 100bp DNA size standard



WATER RESEARCH 42 (2008) 4467-4476

4469

Table 1 - PCR primers used in this study

Gene Primer sequence PCR product (bp) Tm (°C) Reference
16S-1-f 5'-AAGAAGCTTGCTTCTTTGCTGAC-3’ 544 72 Sabat et al., 2000
16S-1-r 5'-AGCCCGGGGATTTCACATCTGACTTA-3

16S-2-f 5'-GGGAGTAAAGTTATTACCTTTGCTC-3’ 584 60 Tsen et al., 1998
16S-2-r 5'-TTCCCGAAGGCACATTCT-3'

23S-1-f 5'-TGGTTCTCYCCGAAA-3’ 670 50 Zwirglmaier et al., 2004
23S-1-r 5-GCTTAAACCGGGACAACC-3'

alr-f 5'-CTGGAAGAGGCTAGCCTGGACGAG-3' 366 72 Yokoigawa et al., 1999
alr-r 5-AAAATCGGCACCGGTGGAGCGATC-3

gadAB-f 5-ACCTGCGTTGCGTAAATA-3' 670 58 McDaniels et al., 1998
gadAB-r 5'-GGGCGGGAGAAGTTGATG-3'

lamB-f 5-CTGATCGAATGGCTGCCAGGCTCC-3’ 309 60 Bej et al., 1990

lamB-r 5'-CAACCAGACGATAGTTATCACGCA-3’

malB-f 5-TCGCCACACGCTGACGCTGACCA-3' 596 65 Candrian et al., 1991
malB-r 5'-TTACATGACCTCGGTTTAGTTCACAGA-3’

mdh-f 5'-ACTGAAAGGCAAACAGCCAAG-3 392 60 Hsu and Tsen, 2001
mdh-r 5'-CGTTCTGTTCAAATGGCCTCAGG-3'

phoE-f 5'-AAAGCCGTGGCACAGGCAAGCGT-3’ 348 52 Spierings et al., 1993
phoE-r 5-TCAATTTGTTATCGCTATCCAGTTGG-3’

uidA-1-f 5'-AATAATCAGGAAGTGATGGAGCA-3' 586 60 Ram et al., 2004
uidA-1-r 5'-CGACCAAAGCCAGTAAAGTAGAA-3

uidA-2-f 5'-AAAACGGCAAGAAAAAGCAG-3' 147 50 Bej et al., 1991
uidA-2-r 5-ACGCGTGGTTACAGTCTTGCG-3

uidA-3-f 5'-AAAAGCCAGACAGAGT-3' 623 58 McDaniels et al., 1998
uidA-3-r 5'-GCACAGCACATCCCCAAAGAG-3

uidA-4-f 5'-TATGGAATTTCGCCGATTTT-3’ 166 50 Bej et al., 1991
uidA-4-r 5-TGTTTGCCTCCCTGCTGCGG-3’

uidR-f 5-TGTTACGTCCTGTAGAAAGCCC-3 152 59 Bej et al., 1991

uidR-r 5'-AAAACTGCCTGGCACAGCAATT-3'

wecA-f 5'-GGTGTTCGGCAAGCTTTATCTCAG-3' 762 60 Bayardelle and Zafarullah, 2002
wecA-r 5'-GGTTAAATTGGGGCTGCCACCACG-3’

(Promega, USA) to identify the size of the product. All the
candidate gene targets were of appropriate size (<600 bp) for
DGGE analysis (Table 1). In the event that PCR generated
a negative result, the reaction was repeated to confirm the
negative reaction. It should be noted that with the exception of
16S-1 (Sabat et al., 2000), all primer sets evaluated in this study
provide limited detection of Shigella spp., and in the case of
phoE, detection of Escherichia fergusonnii. These bacteria are two
of the most closely related species to E. coli (Whittam, 1989;
Lawrence et al., 1991; Hariharan et al.,, 2007), and are also
components of animal fecal material. Therefore, since all
samples were treated equally, it was assumed that the
systematic, limited co-detection of these bacteria would not
compromise the evaluation.

2.2. DGGE analysis of host E. coli communities

2.2.1. Fecal material collection and DNA isolation

Fresh fecal material collected from randomly selected, indi-
vidual geese (n = 3), goats (n = 3), pigs (n = 3) and horses (n=4)
served as a source of an E. coli assemblage used to screen the
differentiating ability of the candidate genes. The goats,

horses and pigs were housed separately at the University of
Findlay Equestrian Farm (Findlay, OH) among a population of
approximately 25 goats, 300 horses and 12 pigs. Freshly
deposited goose fecal material was collected from among
a population of approximately 120 geese inhabiting a local
pond at the Toledo Botanical Garden. All fecal material was
aseptically sampled into 50 ml sterile tubes with a flame-
sterilized spatula, placed into a cooler and processed within
6 h of collection. To isolate DNA, 5 g of thoroughly mixed fecal
material were suspended in 45 ml of 10 mM sodium phos-
phate buffer (pH 7.6) and dispersed by shaking for 1 h at 25 °C.
One hundred ul of the suspension was inoculated onto
Modified m-TEC media and incubated at 44.5 °C for 16 h. The
resulting confluent purple lawn of E. coli was scraped from the
plate (Khatib et al., 2002) and DNA was isolated from the cells
as described above.

2.2.2. Generating E. coli community fingerprints with
PCR-DGGE

PCR products were generated in 50 ul volumes using each
primer set (Table 1) and 2pl of DNA isolated from cells
collected as described above. To facilitate subsequent PCR
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product separation in DGGE, a GC-clamp (Myers et al., 1985)
was added to each forward primer. DGGE was performed
according to the method of Sigler and Pasutti (2006) with the
exception of voltage and duration, which were set at 60 V and
16 h to optimize band clarity and separation. The optimal
DGGE denaturant range for each PCR product was empirically
determined by first performing DGGE of each PCR product in
a gel containing a broad denaturing range of 20-60% (100%
denaturant concentration is defined as 7M urea and 40%
deionized formamide), and then subsequently narrowing the
denaturing range until optimized band clarity and separation
were achieved. All PCR products were best separated in
a denaturing range of 40-60% with the exception of phoE (20—
35%) and alr, malB and wecA (40-50%). Additionally, the PCR
product generated for uidA-1 exhibited visually superior band
separation when analyzed in 6% polyacrlyamide (vs. 8% for
the other genes). Following DGGE, gels were stained for 15 min
with 50 ml of a 1:10,000 dilution of GelStar nucleic acid stain
(Biowhittaker) and fingerprint images were documented using
a Kodak Gel Logic 200 image analysis system. To facilitate
fingerprint comparisons, a DGGE marker was loaded such that
no more than four fingerprint lanes separated each marker
lane. The DGGE marker was developed by combining equal
volumes of the PCR amplicons generated by amplifying the
16S rDNA (Muyzer et al., 1993) of Bacillus subtilis, E. coli strain
DH5a, Pseudomonas aeruginosa, Ralstonia pickettii and four
unknown environmental bacteria. Fingerprint reproducibility
was confirmed by repeating the DGGE analysis at least twice.

2.2.3. DGGE fingerprint image analysis

All fingerprint images were imported to GelCompar Il software
(version 4.5, Applied Maths) for pairwise analysis of finger-
print similarity. Fingerprints were normalized using the DGGE
marker as an external reference, while bands that were
visually determined to be common among at least five
fingerprints in the gel were used as internal reference
markers. Since the “auto search bands” function in GelCom-
par II often misidentified bands, we followed two approaches
to ensure accurate band identification and fingerprint
comparisons. First, multiple images of each gel were captured
at increasingly higher exposure times in an effort to identify
all bands prior to performing cluster analysis. Second,
a comparison of both fingerprint intensity/curve- and band-
based similarity coefficients was performed while simulta-
neously comparing band position tolerance (0.5 and 1%) and
optimization (0 and 3%) settings in the software. In all cases,
the Dice band-based coincidence index (Dice, 1945) in
combination with 3% optimization and 1% position tolerance
was found to be consistent with the visual inspection and
resulted in highest similarity recognition (95%) among iden-
tical E. coli fingerprints generated on different gels.

Cluster analysis was performed on the resulting similarity
matrix using the unweighted pair group method with arith-
metic means (UPGMA) algorithm, resulting in dendrograms
that graphically displayed the similarities among fingerprints.
The candidate genes that differentiated and clustered the
E. coli communities according to their primary host were
further screened on a larger collection of E. coli communities
originating from raw sewage (n=30), horses (n=30), pigs
(n=30), geese (n=30) and cows (n = 30). Ten samples of 150 ml

of raw sewage were obtained from the influents of each of
three wastewater treatment plants in Ohio. Horse and goose
fecal material were sampled from the same locations as
described above, while pig and cow fecal material were
collected from two differing livestock operations in Ohio.
Lawns of E. coli from raw sewage were generated by filtering
100 ml of each sample followed by enrichment as described
above. Following DGGE analysis of the E. coli communities,
jackknife analysis (McLellan et al., 2003) was used to deter-
mine how accurately DGGE fingerprints of E. coli communities
could be assigned to each host group. To perform jackknife
analysis, E. coli community fingerprints were manually
assigned to their respective host. The software then removed
each fingerprint from the data set individually and queried the
data set to determine from which host group the fingerprint
was most similar. User-set parameters included maximum-
similarity coefficients and ties spread equally among host
groups. The internal accuracy of classification was calculated
as the percentage of community fingerprints assigned to the
host to which the sample was known to belong. To avoid
biases in the jackknife analysis that could result from a single
host being represented by a disproportionately large number
of very similar fingerprints (Johnson et al., 2004), the finger-
print collection was “decloned”, and only one representative
fingerprint from clusters that were >95% similar was
analyzed.

2.2.4. Matching a known pollution source to its sink

Genes that exhibited high internal accuracy were further
assessed under two natural settings for their ability to match
E. coli communities in a pollution sink to a known source. The
first setting included water samples collected from (i) 10 and
20 m upstream of a wastewater treatment plant effluent dis-
charge,(representing a background) (ii) the effluent discharge
pipe (representing a source) and (iii) 10, 20 and 30 m down-
stream (representing a sink) of the effluent discharge. The
second setting included water samples (n =5) collected from
a pond (sink) inhabited by a community of approximately 80
geese, and samples of freshly deposited goose fecal material
(source, n=4). To determine the optimum volume of water
necessary to generate representative fingerprints, varying
volumes (10, 100, 200, 300, 400, 500, 600, 800 and 1000 ml) were
filtered and processed as described above. All volumes
generated identical fingerprints. Therefore, a mid-range
volume of 500 ml of each water sample from each site, in
addition to each fecal material sample, was analyzed as
described above. E. coli community fingerprints originating
from animals not indigenous to the creek or pond environ-
ment (raw sewage, goats, horses and pigs) were also included
in the cluster analysis to assess the ability of the method to
discriminate against known, noncontributing sources.

3. Results

3.1. Detection of target genes among environmental
E. coli isolates

PCR analysis using the 15 primer sets revealed that all candi-
date genes were detected in each E. coli isolate (n =176) with
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the exception of 16S-2 (not detected in five isolates) and uidA-3
(eight isolates) (data not shown). Since the targeted segments
of these genes were not detected among 100% of the tested
isolates, they were excluded from further analysis. In every
case of positive gene identification, one band of expected size
(bp) was detected.

3.2 Generating E. coli community fingerprints with
DGGE

An initial DGGE analysis of E. coli communities from four hosts
(n=13 individuals) (geese, goats, horses and pigs) using the
remaining 13 genes revealed that the number of bands
(a proxy for sequence types) was variable and dependent on
the gene targeted. Specifically, among all animals, fingerprints
consisted of 33 ( phoE ), 23 (uidA-4), 22 (mdh), 18 (uidR), 15 (uidA-
2 and malB), 13 (lamB, alr), 11 (23S, gadAB, uidA-1), 7 (wecA) and
3 (16S-1) bands.

Cluster analysis of DGGE fingerprints was used to group
E. coli communities based on their host-origin. Fingerprints
generated targeting mdh, phoE and uidA-4 resulted in four
clusters, each corresponding to only the animal host from
which the E. coli communities originated. The remaining 10
genes exhibited less discrimination. Fingerprints generated
targeting alr, lamB, gadAB, malB, uidA-1, uidA-2 and uidR
discriminated E. coli communities from one host, while the
remaining three genes 16S-1, 23S, and wecA resulted in
fingerprints that exhibited no host-discrimination (data not
shown).

Since only genes that provided the highest degree of
host-discrimination were desired for future applications,
discriminant analyses of E. coli community fingerprints
generated from a larger sample size (five hosts, n=150
individuals) were limited to data generated using mdh, phoE
and uidA-4. Each of the three genes exhibited a similar
internal accuracy of fingerprint classification among the five
hosts (86, 85 and 85% for phoE, uidA-4 and mdh, respectively).
However, higher rates of internal accuracy were observed
for E. coli communities from raw sewage, horses and cows,
as compared with those from pigs (Table 2). Pig E. coli
communities were most often misclassified as goose
communities (12, 27 and 34% misclassification for phoE, mdh
and uidA-4, respectively). Goose E. coli communities were
most often correctly classified by using uidA-4 (68%), while

phoE, mdh and uidA-4 often misclassified them as commu-
nities from pigs (10, 33 and 27%, respectively) and horses
(23% using phoE) (Table 2).

3.3. Using the target genes to match a pollution source
to its sink

DGGE analysis of mdh, phoE and uidA-4 was further assessed for
its ability to match E. coli communities originating from
a known source to a pollution sink. In setting one, cluster
analysis of fingerprints generated from mdh, phoE and uidA-4
consistently revealed that E. coli communities that originated in
WWTP effluent contributed to downstream pollution. Effluent
E. coli communities were between 98 and 100% similar to those
from downstream sites (Fig. 1A), while E. coli communities in
upstream sites exhibited relatively lower similarity (65-68%) to
effluent- and downstream community fingerprints (Fig. 1A). In
the second setting, fingerprints generated with mdh, phoE and
uidA-4 consistently indicated that E. coli communities origi-
nating from goose fecal material and water samples were
between 71 and 79% similar and lacked distinct geographic
(water) or host (goose)-specific clustering (Fig. 1B).

The ability of DGGE fingerprinting to discern E. coli
communities from true, indigenous sources from those origi-
nating in non-indigenous hosts was assessed by performing
cluster analysis of fingerprints generated from both scenarios
with E. coli community fingerprints from raw sewage and hosts
(goats, horses and pigs) known not to inhabit the environment
of the two settings. Cluster analysis of E. coli community
fingerprints generated by each gene showed that none of the
non-indigenous host community fingerprints were observed
to cluster within the fingerprints representing the effluent-
stream or goose-pond water settings (Fig. 2).

4, Discussion

We investigated the use of 15 gene targets in DGGE analysis to
differentiate E. coli communities in fecal material and polluted
water. Our analyses focused on identifying genetic targets
that were (i) frequently detected in a collection of environ-
mental E. coli, (ii) capable of discriminating E. coli communities
among several primary hosts and (iii) able to match pollution
sources to their sinks in test settings.

Table 2 - Jackknife analysis results

mdh uidA-4 phoE
Sewage Horse Cow Pig Goose Sewage Horse Cow Pig Goose Sewage Horse Cow Pig Goose
(3) (100 (15 (249) (27) (5) (13) (23 (25 (30) (3) (17)  (22) (25 (30)

Sewage 100 100 100

Horse 100 100 94 4 23
Cow 100 12 92 5 6 91 2 7
Pig 69 88 4 66 27 86 10
Goose 27 55 4 34 68 5 12 60

Italic numbers represent the percentage of E. coli communities correctly assigned to each source group. The numbers in parentheses represent
the number of fingerprints included in the Jackknife analysis following “decloning” as described in the text.
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Fig. 1 - Cluster analysis of E. coli community DGGE fingerprints generated with mdh, uidA and phoE of (A) the WWTP effluent-
creek scenario (setting one) and (B). the goose-water scenario (setting two). Legend: US, upstream water; DS, downstream

water; EF, effluent; G, goose fecal material; W, pond water.

With the exception of uidA, the genes evaluated in this
study were initially used as diagnostic markers to detect
E. coli in clinical- and food safety studies. Therefore, to
appropriately test the detection of the genes within an
environmental context, it was necessary to generate
a collection of E. coli that mimicked a natural, contaminating
population, i.e. one originating from a broad cross-section of
different host- or geographic sources. Our results indicated
that each gene was detected among all 176 E. coli in our
environmental collection with the exception of 16S-2 and
uidA-3. While these two genes are essential components of
the E. coli genome, limited detection of the 16S rRNA gene
segment, in particular, was observed previously among
a library of clinical strains (Tsen et al., 1998), perhaps the
result of strain-specific differences in 16S rRNA genes
(Ehresmann et al., 1975; Martinez-Murcia et al., 1999). For
two primary reasons, we were confident that the collection
of E. coli isolates used to evaluate the genes was appropriate.
First, Lake Erie Beach is frequently impacted by bacterial
pollution that originates from several local contributors
(Lauber et al., 2003; Huang, 2007), possibly including water-
fowl, suburban and agricultural runoff, faulty septic tanks,
a horse farm and other wildlife. Second, of the 176 E. coli
isolates in the collection, 66 unique fingerprints were iden-
tified by BOX-PCR fingerprinting (discriminated at 95%
similarity), indicating that our E. coli community collection
was genetically diverse (data not shown). The combination
of geographic and host variability, and the genetic diversity
within the library suggested that the E. coli isolates collected
from Lake Erie Beach were of diverse host-origin and could
subsequently be used to investigate the environmental
detection of the genes.

An initial screening showed that cluster analysis of
fingerprints generated with mdh, phoE and uidA-4 resulted in
the discrimination of the E. coli communities collected from
four primary hosts (horses, pigs, geese and goats). In contrast,
analysis of the remaining genes resulted in clusters contain-
ing communities originating from multiple hosts. DGGE
analysis operates on the principle that DNA segments of
similar size can be separated based on sequence differences,
resulting in bands that represent differing gene sequence
types (Muyzer, 1999; Myers et al., 1985). Multiple sequence
types of uidA have been identified previously in DGGE-based
analyses of E. coli in freshwater (10 types among 47 isolates;
Farnleitner et al., 2000a), freshwater and sediment (15 among
175 isolates; Sigler and Pasutti, 2006) and soil (nine among 205
isolates; Lasalde et al., 2005). Sequence-based surveys of mdh,
from 29 pathogenic E. coli (Pupo et al., 1997) and 21 E. coli iso-
lated from rat fecal material (Pupo et al., 2000) revealed 31 mdh
sequence polymorphisms, 18 of which were located in the
392bp mdh segment used in DGGE analysis in the current
study. Additionally, Boyd et al. (1994) identified 40 poly-
morphic nucleotides within the entire mdh gene (939 bp)
among 20 E. coli strains in the ECOR collection. While no
previous studies have characterized polymorphisms in phoE,
the gene is known to encode eight cell surface hypervariable
regions (Nikaido, 2003) that undergo rapid mutational
alterations as they interact with elements in the external
environment such as antibodies, bacteriocins and phages
(Nikaido, 2003). The utility of mdh, phoE and uidA-4 was also
reflected in jackknife analyses performed on a larger sample
size from five primary hosts, which indicated that DGGE
analyses of the three genes could effectively classify E. coli
communities from raw sewage, horses and cows to their
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Fig. 2 - Cluster analysis of E. coli community fingerprints from the goose-water and effluent-creek settings, as compared
with fingerprints generated from E. coli communities of known, non-indigenous sources including raw sewage (RS), goats
(Go), horses (H) and pigs (P). Legend is consistent with that of Fig. 1.

proper host group. It is noteworthy that a moderate rate of
incorrect classification was also observed, particularly among
geese. Classification inaccuracy could result among hosts
exhibiting relatively high gut E. coli, which would subse-
quently require a greater sampling effort to acquire fecal

samples that contain diagnostic E. coli communities. One
established driver of gut E. coli diversity is alterations in the
host diet (Hartel et al., 2003; Bettelheim et al., 2005). In this
study, the population of geese was wild and likely fed on
a diverse and changing diet, facilitating a greater diversity of
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gut E. coli, whereas the cows, horses and pigs were fed
a standard livestock diet.

E. coli communities in natural waters often result from
multiple inputs (Anderson et al., 2006). This factor, in addition
to the recognized drawbacks of library-dependent and inde-
pendent approaches (Santo Domingo and Sadowsky, 2007)
limits the effectiveness of many of our current methods to
accurately trace the host- or geographic origin of E. coli.
Although efforts to adopt a community approach for studying
environmental E. coli have been limited, DGGE analysis has
been used to characterize E. coli communities in polluted
waters (Farnleitner et al., 2000b; Sigler and Pasutti, 2006). Our
current results expand on these findings and show that DGGE
analyses targeting mdh, phoE and uidA-4 can be useful to
identify a geographic origin of bacteria pollution. Specifically,
DGGE fingerprints generated using each of the three genes
provided strong evidence that a freshwater stream was
contaminated with E. coli communities originating from the
WWTP effluent (Fig. 1A). We are aware that high similarity
(>98%) between the E. coli communities in the effluent- and
downstream sites is not an exhaustive indicator of the efflu-
ent’s contribution to the pollution. However, the fact that the
upstream E. coli communities were, at most, 68% similar to
those in the effluent- and downstream sites provided
substantial evidence of the effluent’s contribution to the
downstream pollution. While the upstream E. coli communi-
ties were relatively dissimilar to effluent- and downstream
communities, DGGE did reveal some contribution from the
upstream sites (68% similarity), suggesting the presence of
other sources of pollution, such as wild animals or overland
inputs occurring upstream of the treatment plant. In contrast
with the first setting, the second setting (a small pond
inhabited by approximately 120 geese) represented a more
diffused discharge of E. coli into the secondary habitat. This
was reflected in the results by a lack of host (goose) or
geographic (pond)-specific clustering of E. coli community
fingerprints (Fig. 1B). The marked difference between the two
settings in the ability of DGGE analysis to link sources with
sinks is likely the result of differing pollution pathways. For
example, the WWTP effluent discharged directly into the
creek, resulting in a relatively concentrated, point source.
Alternatively, goose fecal inputs in the pond setting likely
result from a combination of (i) direct deposition into the
pond, and (ii) more diffuse introduction, i.e. as runoff mixed
with the fecal material from animal sources other than geese.
Decreased similarity between source- and sink E. coli
communities can result from the mixing of various host
contributions (Hartel et al., 2003) and because of changes in
the composition of E. coli communities during transition from
the primary- to the secondary environment (Gordon et al,,
2002; Anderson et al., 2006).

The overall utility of DGGE analysis should be measured
by its ability to characterize E. coli communities contributing
to a polluted environment (i.e. true positives). In addition,
the ability to discern against noncontributing sources (i.e.
false positives) is an equally important quality. It is
important to note that heteroduplex formation and the co-
migration of bands containing DNA of different sequences
but similar melting behavior can lead to misinterpretations
of community structure (Von Wintzingerode et al., 1997;

Cassamayor et al., 2000). Therefore, evaluations of DGGE
fingerprints should be performed cautiously. Nevertheless,
on at least a small scale, this study showed that DGGE
analysis discriminated against non-indigenous hosts, while
simultaneously linking E. coli communities from polluted
water with their respective sources (Fig. 2), suggesting the
potential utility of the method in E. coli community studies
and pollution source tracking applications. In addition,
cophenetic correlation coefficients (a parameter used to
express how well the resulting dendrogram branching
represents the similarity matrix) of each cluster were found
to range between 80 and 100%, indicating appropriate
stability of each cluster.

Although DGGE analysis is primarily viewed as a culture-
independent method, an enrichment step was included prior
to DNA isolation to increase the E. coli density in the analyzed
samples. Enrichment was included following assays that
revealed inconsistent PCR amplification of DNA from non-
enriched samples. Furthermore, it has been shown that
enrichment effectively dilutes PCR inhibitors commonly
found in fecal material (Kreader, 1996). It was also observed
that without enrichment, the limit of PCR-based detection of
each gene varied as a function of E. coli density (data not
shown). While this was not surprising, without enrichment it
would have been difficult to compare the discriminatory
performance of these genes, especially in fecal or water
samples exhibiting low E. coli densities. We are aware of the
methodological biases associated with culturing bacteria
(Amann et al., 1995). Therefore, we standardized our culturing
methods throughout the entire series of experiments,
including consistent enrichment conditions and E. coli-
selective culturing procedures.

5. Conclusions

e Three gene segments (mdh, uidA-4 and phoE ) were identified
that are suitable for DGGE-based differentiation of E. coli
communities in both primary host and polluted water.
DGGE analysis of mdh, uidA-4 and phoE resulted in descrip-
tive representations of E. coli communities and facilitated
discrimination of communities originating from several
animal hosts.

In simple but natural settings, DGGE analysis exhibited the

potential to link pollution sources with sinks, while

discriminating against noncontributing sources.

e DGGE analysis of E. coli communities targeting mdh, uidA-4
and phoE appears to be a promising tool to augment existing
efforts aiming to address the dynamics of bacteria pollution
in complex, natural environments
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