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Populations of Escherichia coli from juvenile and adult ring-billed gulls, juvenile common terns, and adult
Canada geese were sampled over 6 years at five locations on Lake Superior (Duluth, MN, and Wisconsin) and
Lake Michigan (Wisconsin, Illinois, and Indiana) to determine the extent of spatial and temporal variability
in E. coli strains. Strain identity was determined using horizontal fluorophore-enhanced repetitive element
palindromic DNA fingerprinting. Multivariate statistics were used to determine if spatial or temporal changes
in E. coli populations occurred in waterfowl species. Pairwise multivariate analyses of variance revealed that
E. coli populations of adult gulls from three regions of Lake Michigan and the Wisconsin shore of Lake
Superior were similar to one another but different from an E. coli population of gulls from the Duluth region
of Lake Superior. Juvenile and adult gulls from the Duluth area harbored different E. coli populations. The E.
coli strains from juvenile gulls, however, were similar to those found in juvenile terns obtained from the same
island rookery. Temporal changes in E. coli populations from several waterfowl species were also demonstrated
for this site. Although portions of source tracking databases might be successfully used in other geographic
regions, it is clear that juvenile birds should not be the sole source of E. coli strains used for source tracking
databases, and multiple-year libraries should be constructed in order to identify the potential sources of E. coli

in the environment.

The presence of Escherichia coli in recreational waters is
commonly used as an indicator of recent fecal contamination.
Recreational waters and beaches contaminated with fecal bac-
teria may contain pathogens that pose a health risk to humans
(9). Monitoring fecal indicator bacteria in recreational waters
and developing reliable methods to identify their possible
sources require great effort and expense (42). While many
studies have attempted to determine sources of E. coli in the
environment (4, 19, 28, 35, 43), questions concerning host
specificity, spatial and temporal differences, and environmental
sources of E. coli have recently been raised by scientists, reg-
ulators, and managers of waste and water treatment facilities
(1, 11, 13, 16, 21, 27, 33, 37, 44).

The use of molecular and phenotypic methods to determine
the potential sources of fecal bacteria has been referred to as
microbial source tracking (MST) (34, 36). Several library-in-
dependent and library-dependent methods have been devel-
oped for MST studies (17, 34, 36, 38, 39, 42, 46). Library-
independent MST methods employ host-specific markers, such
as host-specific PCR primers (8, 23, 24, 26) or gene probes
(14). Both phenotypic characteristics (e.g., antibiotic resistance
profiles, carbon utilization patterns) and genotypic character-
istics (e.g., DNA fingerprint patterns) of microorganisms have
been used for library-dependent MST methods. One of these
methods, the horizontal fluorophore-enhanced repetitive
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element palindromic PCR (HFERP) DNA fingerprinting
method, has been used widely and is currently one of the best
available library-dependent MST methods because it is rela-
tively quick, easy, and inexpensive to perform and has high
discriminatory power (34, 36, 46).

When bacteria are used for library-dependent MST studies,
a large database is necessary to represent the diverse pheno-
typic or genetic characteristics of target microorganisms, such
as E. coli, that are found in multiple hosts. A fundamental
assumption of MST studies, regardless of the methods used, is
that strains or ecotypes of E. coli and other fecal bacteria are
differentially distributed among animal and human hosts (17,
34, 42). If E. coli is not unique to a host source group, then the
efficacy of MST studies is compromised (42). Several studies
have shown that E. coli populations from swine (23), ducks and
geese (14), and cattle (40) contain host-specific DNA se-
quences.

While these studies suggest that some populations of E. coli
display some level of host specificity, some hosts can also harbor
ephemeral (cosmopolitan) E. coli strains (1, 21, 42). Gordon and
Lee (13) used multilocus enzyme electrophoresis to characterize
enteric bacteria and reported that only 6% of the E. coli genetic
similarity in 10 mammalian families could be explained by taxo-
nomic classification. Anderson et al. (1) reported that many E.
coli strains do not persist for more than 1 month in a given host.
Moreover, some E. coli strains in humans (5), steers (21), and
feral mice (11) have been shown to be shared and are continually
being introduced and extirpated (5).

The population structure of E. coli is also influenced by the
host’s diet (16, 27, 33). Since different geographic regions pro-
vide different resources and diets for animals, populations of E.
coli may display spatial divergence (42). Previous studies ex-
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TABLE 1. Numbers of E. coli strains collected from adult and juvenile birds at different locations and on different dates in the Great Lakes

Location” Site Sampling dates Avian Bird age” No. of E. coli
species isolates
DLH Southworth Marsh 2006 Gull Adult 32
Blatnik Bridge 2006 Gull Adult 59
Interstate Island 2002, 2003, 2005, 2006 Gull Juvenile 164
Interstate Island 2002, 2003, 2006 Tern Juvenile 92
Park Point 2005 Geese Adult 48
Park Point 2006 Geese Adult 74
SS Cornucopia, WI July and August 2004 Gull Adult 18
Ashland, WI July and August 2004 Gull Adult 7
Saxon Harbor, WI July and August 2004 Gull Adult 23
Madeline Island, WI August 2004 Gull Adult 8
Washburn, WI August 2004 Gull Adult 1
DC Egg Harbor, WI June 2005 Gull Adult 4
Jacksonport, WI June to August 2005 Gull Adult 16
Baileys Harbor, WI June to August 2005 Gull Adult 12
Sturgeon Bay, WI June 2005 Gull Adult 3
LC Lake County, IL February and March 2003 Gull Adult 31
IN West Beach, IN June 1998 to August 2001 Gull Adult 19

“ DLH, Duluth-Superior harbor, Lake Superior; SS, south shore of Lake Superior, Wisconsin; DC, Door County, WI, Lake Michigan; LC, Lake County, IL, Lake

Michigan; IN, Indiana, Lake Michigan.
® Flightless birds were considered juveniles.

amining the spatial stability of E. coli populations have re-
ported conflicting results. For example, Hartel et al. (15) re-
ported that the percentage of shared E. coli ribotypes in cattle
and horses decreased as the distance between the hosts in-
creased, while ribotypes of E. coli isolated from chickens and
swine did not show this geographic effect. Conversely, these
authors reported that identical strains of E. coli could be found
as far as 2,900 km apart. Other studies examining E. coli in
animals and humans found identical strains across large geo-
graphic ranges (6, 28, 32, 45), perhaps due to the itinerant
nature of humans (12) and the migratory behavior of animals
(30).

Host-specific MST libraries are laborious to develop, so it is
important for the workers engaged in MST studies to know if
their databases reflect spatial and temporal differences in mi-
crobial population structure (38). We previously reported that
wild waterfowl are a major source of E. coli in recreational
waters and on beaches in Lake Superior (19, 25). Thus, it is
important to understand the host specificity and the spatial and
temporal dynamics of E. coli populations in wild waterfowl in
the Great Lakes. In the study reported here, we examined the
spatial and temporal structure of E. coli populations in samples
from juvenile ring-billed gulls and juvenile common terns that
inhabited the same island rookery in four different years, from
Canada goose populations from the same area over 2 years,
and from adult gull populations from Lake Michigan and Lake
Superior that were sampled over a 6-year period.

MATERIALS AND METHODS

Isolation of E. coli from waterfowl and site descriptions. E. coli was isolated
from birds in Duluth, MN, from cloacal swabs for captured birds or from swab
samples of freshly voided fecal material (BBL Culture Swabs; Becton Dickinson
Microbiology Systems, Cockeysville, MD) and culturing on mFC agar as previ-
ously described (20). In 2006, E. coli strains were isolated from freshly voided
fecal material on plastic sheets from adult ring-billed gulls (Larus delawarensis)

at Southworth Marsh on Park Point and from the Blatnik Bridge site near
Interstate Island in Duluth, MN (Table 1 and Fig. 1B). Southworth Marsh
(46°44'26.4"N, 92°03'42.8"W) is a public beach adjacent to a popular city park in
the Duluth-Superior harbor. The Blatnik Bridge site (46°45'04.7'N,
92°06'11.0"W) is a public boat landing in the Duluth-Superior harbor and is
located about 3 km west of Southworth Marsh. E. coli isolates from juvenile (i.e.,
flightless) ring-billed gulls and juvenile common terns (Sterna hirundo) that
inhabited Interstate Island were collected over multiple years from cloacal swabs.
Interstate Island is a protected common tern rookery in the Duluth-Superior
harbor (Fig. 1B) and is also home to 10,000 nesting pairs of ring-billed gulls (F.
Strand, personal communication). E. coli strains were obtained from juvenile
ring-billed gulls in 2002, 2003, 2005, and 2006 and from juvenile common terns
in 2002, 2003, and 2006 (Table 1). E. coli strains from Canada geese (Branta
canadensis) were isolated in 2005 from fecal material freshly excreted onto an
asphalt parking lot at Park Point in 2005 and directly from the cloacae of
captured geese in 2006.

E. coli strains were also isolated by other researchers from adult ring-billed
gulls in four other regions of Lake Superior and Lake Michigan (Table 1 and Fig.
1A). Gull E. coli strains were isolated from fresh fecal material on the ground at
five different sites along Lake Superior’s Wisconsin shoreline in 2004 (G. Klein-
heinz, personal communication), from five Lake Michigan sites in Door County,
WI, in 2005, from Illinois public beaches on Lake Michigan during 2003 (W.
Ting, personal communication), and from Lake Michigan in Indiana during 1998
and 2001 (Fig. 1A).

Confirmation of E. coli identity. The identities of E. coli strains were verified
by using the microbiological and biochemical criteria described by Ishii et al.
(20), with the following changes. Bacterial colonies that were dark blue on mFC
agar (Difco, Detroit, MI) were transferred to MacConkey agar (Difco), and pink
to red colonies were tested on CHROMagar ECC (CHROMagar Microbiology,
Paris, France). The identities of bacterial colonies that were blue or white on
CHROMagar ECC agar were verified with the IMVIC series of tests as described
by Ishii et al. (20), and the organisms were stored in 50% glycerol at —80°C until
they were used. E. coli strains from Wisconsin were obtained from Greg Klein-
heinz and were isolated on modified m-TEC agar (41). Between 1 and 5% of
these isolates were also verified to be E. coli by using API 20E biochemical test
strips (G. Kleinheinz, personal communication). Gull E. coli isolates from Illinois
and Indiana were obtained from W. T. Evert Ting (Purdue University, Calumet).
The gull E. coli strains collected in Indiana were identified using the BBL Crystal
identification system (Becton Dickinson Microbiology Systems, Cockeysville,
MD) (W. Ting, personal communication), while the identities of E. coli strains
from Illinois were verified by the Illinois Department of Health.
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FIG. 1. Maps of study areas, showing sampling site locations. (A) Map of Lakes Superior and Michigan, showing sites in the Duluth-Superior
harbor, Lake Superior (DLH); the south shore of Lake Superior (SS); Door County, WI, Lake Michigan (DC); Lake County, IL, Lake Michigan
(LC); and Indiana, Lake Michigan (IN). (B) Map of Duluth-Superior harbor, showing the locations of Interstate Island (ISI), the Blatnik Bridge

site (BB), and the Southworth Marsh site (SWM).

DNA fingerprinting and statistical analyses. DNA fingerprinting of E. coli
isolates was performed by using HFERP DNA fingerprinting and the BOXA1R
primer as previously described (20, 22). Electrophoresis, visualization, and anal-
yses of bands were done as previously described (20). HFERP DNA fingerprints
were analyzed using BioNumerics v.4.5 software (Applied Maths, Sint-Martens-
Latem, Belgium). Dendrograms were constructed using the curve-based Pear-
son’s product-moment correlation coefficient and the unweighted-pair group
method with arithmetic means clustering method (20, 22), and they were ana-
lyzed by comparing the proportions of subclusters that were assembled exclu-
sively from one E. coli population (29). A subcluster was defined as a group of
two or more E coli strains that were not clones and were =80% similar. E. coli
strains were considered clones if the similarity of their HFERP DNA fingerprints
was =92%, a value based on the work of Johnson et al. (22). Identical E. coli
clones obtained from the same animal were removed from the analyses to reduce
bias (22).

Spatial, temporal, and host-specific relationships of E. coli populations were
analyzed by using the multivariate analysis of variance (MANOVA) and cluster
analysis subroutines of the BioNumerics software. Bonferroni corrections were
employed for MANOVA that compared three or more populations.

Second Discriminant

First Discriminant

FIG. 2. Plot of the first two discriminants from a MANOVA com-
paring E. coli populations in adult ring-billed gulls from Minnesota,
Wisconsin, Illinois, and Indiana. DLH, Duluth-Superior harbor (solid
circles); SS, south shore of Lake Superior (small filled diamonds); DC,
Door County, WI (filled stars); LC, Lake County, IL (large filled
diamonds); IN, Indiana (circles with dots).

RESULTS AND DISCUSSION

Adult ring-billed gull E. coli populations from different regions
of Lake Superior and Lake Michigan. Pairwise MANOVA re-
vealed that the HFERP patterns of E. coli populations in adult
ring-billed gulls from three regions of Lake Michigan and the
Wisconsin shoreline of Lake Superior were similar to one
another (P < 0.01) but different from the HFERP pattern of
the E. coli population in gulls from the Duluth region of Lake
Superior (Fig. 2 and Table 2). Seventy-six percent of the sub-
clusters formed in the cluster analysis were comprised of E. coli
from gulls from multiple regions. Ten E. coli strains were
found in two different regions, four strains were found in three
different regions, and one strain was found in four different
regions (Fig. 3).

These results indicate that E. coli populations from adult
gulls can be highly related over large geographic distances.
One reason for this pattern may be the migratory habits and
dispersal patterns of gulls. Ring-billed gulls from the Great
Lakes migrate to the Gulf Coast of the United States and
winter mainly in Florida (10), where they intermingle. After
studying the migration and dispersal patterns of Great Lakes
ring-billed gulls, Gabrey (10) concluded that movement of
gulls was extensive, particular Great Lakes and colonies do not

TABLE 2. Similarity of E. coli strains isolated from adult ring-billed
gulls from different regions of the Great Lakes based on the
similarity of their HFERP DNA fingerprint patterns

No. of P value®
Location” E. coli
isolates DLH SS DC LC
DLH 91
SS 57 <0.001
DC 35 <0.001 0.366
LC 31 <0.001 0.331 0.910
IN 19 <0.001 0.622 0.924 0.997

“ DLH, Duluth-Superior harbor, Lake Superior; SS, south shore of Lake
Superior, Wisconsin; DC, Door County, WI, Lake Michigan; LC, Lake County,
IL, Lake Michigan; IN, Indiana, Lake Michigan.

b P values for comparisons tested by MANOVA.
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FIG. 3. Dendrogram of E. coli strains in adult ring-billed gulls from
sites in Lake Superior and Lake Michigan. E. coli isolates in boxes have
an HFERP fingerprint similarity of =92% and were considered clones.
The dendrogram was generated from HFERP DNA fingerprints using
Pearson’s product-moment correlation coefficient and the unweighted-
pair group method with arithmetic means clustering method. DLH,
Duluth-Superior harbor (®); SS, south shore of Lake Superior (©);
DC, Door County, WI (H); LC, Lake County, IL (*); IN, Indiana (#).

define distinct populations, and the dispersal of young birds
plays a significant role in establishing and maintaining colonies.
Similarly, it appears that E. coli strains in ring-billed gulls from
most areas of Lake Michigan and Lake Superior do not define
distinct regional ecotypes or populations. It is interesting, how-
ever, that the significance (i.e., P values) in the pairwise
MANOVA increased as the distance between gull E. coli pop-
ulations decreased in Lake Michigan (Table 2). Taken to-
gether, these results suggest that portions of source tracking
databases constructed for one area might be successfully used
for studies done in other Great Lakes regions. However, the
variety and geographic similarity of E. coli strains in wild ani-
mal species have not been well studied. Like the study reported
by Gabrey (10) for gull populations in the Great Lakes, new
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research on E. coli population dynamics could help clarify the
scales over which distinct bacterial populations and metapopu-
lations form in wild animal species and the probable success of
transferring and using MST databases in other geographic
regions.

There are several possible explanations for the difference
between the E. coli populations in ring-billed gulls from the
Duluth site and the E. coli populations from other regions of
Lake Superior and Lake Michigan. The food resources avail-
able to gulls in an urban area like Duluth, MN, may support
different E. coli populations than the food resources available
in less urban areas of the Great Lakes support. At more re-
mote sites, the diets of ring-billed and herring gulls consist
primarily of fish and terrestrial food, such as insects (7, 18),
whereas human food is a major component of the diets of
urban ring-billed gulls (2, 3). Moreover, gulls in urban areas
like the Duluth-Superior harbor are also likely to be exposed to
E. coli strains that are discharged from wastewater treatment
facilities, while gull colonies in more remote areas are not
exposed to such strains. Another possible explanation, which
may be specific to this study, is the way in which gull fecal
materials were collected at the different sites. Adult gulls in
Duluth were baited over plastic sheets on which they voided
fecal material, whereas gull fecal materials from the other sites
were collected directly on the ground and therefore might have
been contaminated with other E. coli strains. Alternatively,
more culturable E. coli strains and possibly a greater diversity
of strains might have been obtained from freshly voided fecal
material collected in the Duluth region from plastic sheeting
than from older fecal materials collected on beaches. While all
of these scenarios seem plausible, our research was not de-
signed to identify which of these factors, if any, was responsible
for the difference between the E. coli populations in ring-billed
gulls from the Duluth site and those from other regions of
Lake Superior and Lake Michigan.

E. coli strains from juvenile and adult ring-billed gulls. The
E. coli strains collected from juvenile ring-billed gulls in Du-
luth were compared to those obtained from adult ring-billed
gulls in Duluth and the other Great Lakes regions (Table 1).
Comparisons were made for E. coli strains collected during the
same year, so only E. coli strains collected from adult gulls at
Duluth in 2006 (n = 91) and from Lake Michigan sites in
Wisconsin in 2005 (n = 35) and in Illinois in 2003 (n = 11)
could be compared to strains collected from juvenile birds at
the Duluth location in 2006 (n = 31), 2005 (n = 65), and 2003
(n = 11). In most cases, adult ring-billed gulls harbored E. coli
populations different from those harbored by juvenile gulls.

The strongest comparisons can be made between E. coli
strains from adult and juvenile gulls living at the same site. The
E. coli populations from adult and juvenile gulls collected in
2006 in only the Duluth area were different when they were
compared by using MANOVA (P < 0.05). Only 18% of the
subclusters in dendrograms contained E. coli strains from both
adult and juvenile ring-billed gulls (data not shown), and only
three strains were found in both adult and juvenile birds. E.
coli strains isolated from adult and juvenile gulls in different
regions of the Great Lakes were also different. For example, E.
coli strains collected from adult gulls in the Door County, WI,
region of Lake Michigan during 2005 were different from
strains collected from juvenile gulls in Duluth during the same
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TABLE 3. Comparison of E. coli strains collected from juvenile
(“flightless”) common terns and ring-billed gulls at the
Duluth, MN, location®

Comparison

No. of E. coli P
. c value
Species® Yr isolates'

CT vs RBG 2002 25, 57 0.78
CT vs RBG 2003 56, 11 0.93
CT vs RBG 2006 11, 31 0.95
RBG 2002 vs 2003 57, 11 0.08
RBG 2003 vs 2005 11, 65 <0.01
RBG 2005 vs 2006 65, 31 0.01
CT 2002 vs 2003 25, 56 <0.01
CT 2002 vs 2006 25, 11 <0.01
CT 2003 vs 2006 56, 11 <0.01

“ HFERP fingerprint patterns from different avian species and from the same
bird species in different years were compared by MANOVA.

? RBG, ring-billed gull; CT, common tern.

¢ Numbers of isolates in the groups compared. All E. coli strains were isolated
from juvenile birds on Interstate Island in the Duluth-Superior harbor.

year (P < 0.05). No E. coli strains were found in both adult
gulls from Door County, WI, and juvenile gulls at the Duluth
location. Similarly, E. coli strains obtained from adult gulls in
Illinois were different (P < 0.05) from strains collected during
the same year (2003) from juvenile gulls in the Duluth region
of Lake Superior. Since adult birds bring food to nonfledged
gulls, these results indicated that the rookery habitat might be
responsible for the different E. coli strains found in juvenile
gulls. It is clear from these results that juvenile (“flightless™)
birds should not be the sole source of E. coli strains for rep-
resenting waterfowl species in MST databases.

E. coli strains from juvenile gulls and terns that inhabit the
same island. The population structure of E. coli strains col-
lected from juvenile ring-billed gulls was not statistically dif-
ferent (P > 0.05) from that of strains obtained from juvenile
common terns that lived on Interstate Island concurrently dur-
ing 2002, 2003, and 2006 (Table 3). Cluster analysis did not
discretely group the E. coli strains from juvenile gulls and
juvenile terns for any year (2002, 2003, or 2006), and about 58,
44, and 57% of the subclusters, respectively, contained E. coli
strain fingerprints from juvenile birds of both species. These
results indicate that the intestinal tracts of juvenile birds of
different waterfowl species that live close to each other can
have very similar E. coli strain compositions.

Considering that the diets of juvenile common terns and
ring-billed gulls are different (3, 31), the confined rookery area
that juvenile birds share may influence the E. coli strains that
they harbor as much as their food sources. This possibility
implies that the composition of a host’s E. coli is influenced not
only by diet (16, 27, 33) but also by the habitat in which the
host animal resides. While previous studies have shown that
different species of domestic animals may share the same E.
coli strains (1), to our knowledge this is the first time that this
phenomenon has been demonstrated for wild bird species.

Temporal changes in waterfowl E. coli populations. The
genetic relatedness of E. coli strains isolated from juvenile
ring-billed gulls, juvenile common terns, and adult Canada
geese during different years in the Duluth-Superior harbor was
examined to determine if temporal changes occur in E. coli
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populations in waterfowl. The HFERP patterns of E. coli
strains in juvenile ring-billed gulls were different in different
years, except for 2002 and 2003 (P > 0.05) (Table 3). Only one
E. coli strain was found in both the 2002 and 2003 samples. A
dendrogram comparing juvenile gull E. coli strains obtained in
all 4 years showed that 81% of the subclusters contained iso-
lates from each year. The maximum level of similarity of any
two E. coli strains between 2002 and 2006 was 89.7%. The
HFREP patterns of E. coli strains isolated from juvenile com-
mon terns were different in 2002, 2003, and 2006 (P < 0.05)
(Table 3). Only one to three strains were found in all these
years. While the levels of similarity between strains ranged
from 8.3 to 96.6% when all 3 years were considered, the max-
imum level of similarity was lower (less than 86%) when pairs
of years were compared. The majority (59%) of subclusters in
the dendrogram included strains from at least two different
years.

Similarly, the HFERP patterns of E. coli strains isolated
from adult Canada geese were different in 2005 (48 isolates)
and 2006 (74 isolates) (P < 0.05). Although cluster analyses
revealed that E. coli strains isolated in each year were present
throughout the dendrogram, eight strains were present in both
years, demonstrating that some E. coli strains can persist from
year to year in waterfowl populations. These results agree with
those of other studies (1, 21) that found that a few E. coli
strains persist in warm-blooded animals over time, but the
majority of E. coli strains may not be part of a permanent
intestinal microflora.

Taken together, the results of these studies demonstrate that
the variety of E. coli strains can change annually in waterfowl
species, that juvenile and adult birds of the same species har-
bor different populations of E. coli, and that adult gulls from
three regions of Lake Michigan and the Wisconsin shore of
Lake Superior may contain similar populations of E. coli that
differ from E. coli populations in adult gulls from the Duluth
region of Lake Superior. Thus, while some portions of source
tracking databases might be successfully used in other geo-
graphic regions, it is clear that juvenile birds should not be the
sole source of E. coli strains used for source tracking databases
and that comprehensive libraries should be constructed with E.
coli host strains from animal hosts that are collected over
several years in order to identify the potential sources of E. coli
in the environment.
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