Large scale analysis of virulence genes in
Escherichia coli strains isolated from

Avalon Bay, CA

ABSTRACT

Contamination of recreational waters with
Escherichia coli and Enterococcus species is a wide-
spread problem resulting in beach closures and loss
of recreational activity. While E. coli is frequently
used as an indicator of fecal contamination, and has
been extensively measured in waterways, few studies
have examined the presence of potentially pathogen-
ic E. coli strains in beach waters. In this study, a
combination of high-throughput, robot-assisted
colony hybridization and analyses based on poly-
merase chain reaction (PCR) was used to determine
the genomic composition and frequency of virulence
genes present in £. coli isolated from beach water at
Avalon Bay, Santa Catalina Island, CA. A total of
24,493 E. coli isolates were collected from two sites
at a popular swimming beach August through
September 2007 and July through August 2008. All
isolates were examined for the presence of shiga-like
toxins (stx1/stx2), intimin (eaeA), and enterotoxins
(ST/LT). Of the 24,493 isolates examined, 3.6%
contained the eaed gene, indicating that these iso-
lates were potential enteropathogenic E. coli (EPEC)
strains. However, after 5 days, more than 10% of
the strains were potentially EPEC, suggesting a
strong temporal component associated with inci-
dence of virulence genes. No shiga toxin producing
E. coli (STEC) or enterotoxigenic E. coli (ETEC)
isolates were detected, and only eight (<1.0%) of the
potential EPEC isolates were found to carry the
EPEC adherence factor (EAF) plasmid. The poten-
tial EPEC isolates primarily belonged to E. coli phy-
logenetic groups B1 or B2, and carried the beta
intimin subtype. Deoxyribonucleic acid (DNA) fin-

Matthew J. Hamilton!2, Asbah Z. Hadi!3, John F. Griffith
and Michael J. Sadowsky?23

gerprint analyses of the potential EPEC strains indi-
cate that the isolates belong to several genetically
diverse groups, although clonal isolates were frequent-
ly detected. While the presence of virulence genes
alone cannot be used to determine the pathogenicity
of strains, results from this study show that potential
EPEC strains can be found in marine beach water, and
their presence needs to be considered as one of the
factors used in decisions concerning beach closures.

INTRODUCTION

Contamination of recreational waters with E. coli
and Enterococcus species is a common problem
resulting in beach closures and loss of recreational
activity. Because these bacteria are most frequently
found in the intestinal tract of warm-blooded animals
and are shed with feces, E. coli and Enterococcus
have traditionally been used as indicators of fecal
contamination. While it is generally accepted that
the presence of indicator organisms in recreational
waters suggests the potential presence of fecal
pathogens (Cabelli et al. 1982, Dufour 1984, Priiss
1998), several studies have shown that these bacteria
can persist in the environment without a host and can
become naturalized to beach sand, soil, and algae
(Hardina and Fujioka 1991; Davies et al. 1995;
Byappanahalli and Fujioka 1998; Desmarais ef al.
2002; Byappanahalli et al. 2006; Ishii et al. 2006a,b;
Ishii et al. 2007a; Yan and Sadowsky 2007).
Traditionally, E. coli has been often characterized as
a harmless, commensal bacterium. However, some
strains have been shown to be capable of causing
human disease (Nataro and Kaper 1998, Kaper et al.
2004), and fecal material from some animals con-
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tains high frequencies of E. coli strains harboring
virulence genes (Ishii ez al. 2007b). Despite increas-
ing evidence that E. coli strains from several animal
hosts contain virulence genes, and some have been
shown to cause serious or fatal diseases in humans
(Nataro and Kaper 1998), few studies have deter-
mined whether E. coli strains isolated from marine
recreational waters contain virulence genes and are
potentially pathogenic (Lang et al. 1994).

Pathogenic E. coli generally cause diarrhea and
other gastrointestinal disease (Nataro and Kaper
1998, Kaper et al. 2004), although some strains have
been found to cause extraintestinal infections
(Dietzman et al. 1974, Manges et al. 2001).
Diarrheagenic strains are classified into several
groups based on the mechanisms of pathogenesis and
the presence of various virulence factors or determi-
nants. These groups include diffusely adhering
(DAEC), enteroaggregative (EAEC), enteroinvasive
(EIEC), EPEC, ETEC, and STEC. Detailed informa-
tion about pathogenic E. coli strains can be found in
review articles by Nataro and Kaper (1998) and
Kaper ef al. (2004). The STEC are defined as E. coli
strains expressing either stx1/stx2, or other toxins
sharing significant homology to the shiga toxin gene
originally identified in Shigella dysenteriae (Paton
and Paton 1998, Kaper ef al. 2004). The common
reservoirs for STEC strains are ruminants and swine
(Djordjevic et al. 2004, Fratamico et al. 2004, Gyles
2007, Ishii et al. 2007b). In contrast, ETEC strains
are defined by the presence of at least one of the heat
stable (ST) and the heat labile (L7-7) enterotoxin
genes (Levine 1987). These strains are often associ-
ated with infantile diarrhea, particularly in the devel-
oping world where the disease is considered endemic
(Black 1990, Nataro and Kaper 1998, Kaper et al.
2004). Enterotoxigenic E. coli strains are also a
common cause of traveler’s diarrhea, where visitors
from the developed world may lack immunity to
these strains (Black 1990).

Enteropathogenic E. coli strains are a common
cause of human diarrheal diseases in developing
countries, particularly among children less than two
years of age (Levine and Edelman 1984, Trabulsi et
al. 2002). These strains have been isolated from
many animal host species, including: humans, cats,
cows, dogs, deer, ducks, geese, and horses (Ishii e?
al. 2007b). In addition, these strains are defined by
the presence of a locus of enterocyte effacement
(LEE) pathogenicity island, which encodes several
virulence factors including eaeAd, and the absence of

stx1/stx2 (Nataro and Kaper 1998, Kaper et al.
2004). Strains carrying the EAF plasmid are referred
to as typical EPEC, while those strains without the
plasmid are referred to as atypical EPEC.

Most E. coli strains have been assigned to one of
six major phylogenetic groups (A, B1, B2, C, D, and
E) based on their evolutionary origins (Clermont et
al. 2000, Escobar-Paramo et al. 2004). The associa-
tion of STEC strains with certain phylogenetic
groups has been tentatively established. Escobar-
Paramo r et al. (2004) determined the majority of
STEC strains they examined from clinical samples
belonged to phylogenetic group B1. However, while
a tentative link has been established between intimin
subtype and phylogenetic group (Reid et al. 2000,
Escobar-Paramo et al. 2004), not all EPEC strains
have a specific genetic background, and they may be
distributed among several phylogenetic groups
(Escobar-Paramo et al. 2004, Ishii et al. 2007b).

Detection of EPEC and STEC strains has been
previously accomplished with multiplex PCR, using
primers specific to eaed and stx1/stx2, respectively
(Paton and Paton 1998, Ahmed et al. 2007, Ishii et
al. 2007b, Ram et al. 2007). While these analyses
are useful for screening relatively small numbers of
isolates, they suffer from the high costs and low
throughput associated with PCR.

We previously reported the successful use of
high throughput, semi-automated, robotic technology
to detect the presence of host-source specific genes
in environmental E. coli isolates (Yan et al. 2007).
In the study presented here, we adapted this technol-
ogy to quickly screen large numbers of E. coli iso-
lates from marine recreational water for the presence
of virulence determinants, and we confirmed positive
hybridization results by using PCR. The objectives
of this present study were to: 1) examine the distri-
bution and frequency of potentially pathogenic .
coli stains isolated from beach water at a popular
swimming beach in Avalon, CA; 2) characterize the
virulence gene determinants; and 3) determine the
genetic relatedness of the potentially pathogenic
strains by using horizontal fluorophore-enhanced
rep-PCR (HFERP) DNA fingerprint analyses.

METHODS

Water samples were obtained in 2007 and 2008,
at either 8:00 a.m. or 12:00 p.m., from two beach
sites at Avalon Bay, Santa Catalina Island, CA, as
previously described (Bordner ef al. 1978). The two
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sampling locations are identified as sites B and C in
Figure 1. Water samples (4 L) were collected at
each time point. The temperature on most sampling
days was approximately 29°C, and only a few swim-
mers were in the water during the 8 a.m. sampling
time. Bacteria were concentrated by membrane fil-
tration using 142 mm (dia.), 0.45 wm Supor
hydrophilic polyethersulfone membranes (Pall
Corporation, East Hills, NY). After filtration, mem-
branes were cut into 4 equal sections, and each sec-
tion was placed in a 50 ml conical tube containing
10 ml of sterile phosphate buffered saline (20 mM
sodium phosphate, 15 mM sodium chloride, 7.2 pH)
amended with 0.1% hydrolyzed gelatin and 10 g of
sterile 3 mm (dia.) glass beads. Bacteria were
removed from the filter surface by gentle agitation
for 30 minutes using a wrist action shaker (Burrell
Scientific, Pittsburg, PA); filters were removed from
solutions, and 50% glycerol was added to obtain a
final concentration of 10%. All samples were stored
frozen at -80°C until used.

The E. coli reference strains Pig206 (stx1/2+,
eaeA-) and Deer090 (stx1/2-, eaeA*) were used as
positive and negative controls for colony hybridiza-
tion with the stx/, stx2, and eaed probes (Dombek et
al. 2000, Johnson et al. 2004). The ETEC strain
1362 and Pig206 were used as positive and negative
controls, respectively, for hybridizations with the
enterotoxin gene probes. The E. coli strain O157:H7
(ATCC 43895) was used as the positive control for
PCR-based assays for virulence genes and for ampli-

fying DNA used as hybridization probes for the
eaed, stxl, and stx2 genes. The ETEC strain 1362
was used as template for amplifying DNA for use as
hybridization probes for the STc¢ and L7-I genes.

The E. coli strain H120 was used a positive control
for PCR reactions to detect the EAF plasmid
(Dombek et al. 2000, Johnson et al. 2004, Ishii et al.
2007b), and E. coli strain Pig294 was used as control
for HFERP DNA fingerprint analysis (Dombek e al.
2000, Johnson et al. 2004).

E. coli strains were isolated from filter washings
as previously described (Yan et al. 2007). One to
three ml aliquots of filter washings were spread-plat-
ed onto the surface of modified membrane thermo-
tolerant £. coli (mTEC) agar medium in 22 x 22 cm
Q-tray bioassay plates (Genetix Boston, MA).
Modified mTEC was prepared as described, except
that 500 pug of 5-bromo-4-chloro-3-indolyl-B-d-glu-
curonic acid (X-Gluc) per ml was used as the chro-
mogenic indicator (USEPA 2002, Yan and Sadowsky
2007). Plates were incubated at 35°C for 2 hours,
and then at 44.5°C for 22 hours. After incubation,
plates were stored at 4°C overnight to facilitate
development of blue pigment in colonies, and to dif-
ferentiate E. coli from other coliform and gram-neg-
ative bacteria. Well-isolated blue colonies were
picked by hand or by using a Q-Bot robotic system
(Genetix, Boston, MA) into 384 well microplates
containing Hogness modified freezing medium as
previously described (Yan et al. 2007).

Figure 1. Sample sites at Avalon Bay, Santa Catalina Island, CA.
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Microplates were incubated at 37°C overnight,
and stored at -80°C until used. A total of 24,493
individual E. coli isolates were obtained in this
study. A random sample of 1,024 strains were con-
firmed as E. coli by using a series of microbiological
and biochemical tests, including: the indole and
methyl red tests, the inability of isolates to grow on
citrate, B-d-glucuronidase activity using EC-MUG
broth (Difco), and color reaction on ChromAgar and
MacConkey agar (Dombek et al. 2000, Johnson et
al. 2004).

Automated arraying of E. coli isolates onto posi-
tively charged 22 x 22 ¢m Performa II nylon mem-
branes (Genetix) was done using a QBot robot sys-
tem (Genetix) as previously described (Yan et al.
2007). Each membrane was divided into 6 sections;
each section contained 384 subunits, and each sub-
unit consisted of 4 individual spots. One spot per
subunit contained either a positive or negative con-
trol strain as described above. Using this format,
each membrane was arrayed with a maximum of
6,912 E. coli isolates obtained from water samples.
Arrayed membranes were placed on the surface of
LB agar plates, incubated at 37°C for 8 to 10 hours,
and stored at 4°C overnight.

Colony hybridizations were performed as previ-
ously described (Hamilton et al. 2006, Yan et al.
2007) to determine the reactivity of the E. coli iso-
lates to DNA probes for the stx/, stx2, and eaed
genes. The DNA probes for the stx/, stx2, and eaeA
genes were obtained from control strains using the
PCR and primer pairs stx/F and stx/R, stx2F and
stx2R, and eaeAF and eaeAR, respectively (Paton
and Paton 1998). Probe DNA for ST and L7-1 was
amplified using primer pairs JW14/JW7 and
LTPr1/JW11, respectively (Stacy-Phipps et al. 1995).
Probes were labeled with [32P]dCTP using the
Random Primer DNA Labeling system (Invitrogen,
Carlsbad, CA) according to the manufacturer's proto-
col. Probes for stx//stx2 and ETEC were pooled
before labeling. Membranes were hybridized
overnight at 68°C and washed under high stringency
at 68°C in 0.1 x SSC (1 x SSC is 0.15 M NaCl and
0.015 M sodium citrate) containing 0.1% sodium
dodecyl sulfate (Yan et al. 2007). Membranes were
air dried after washing, wrapped in plastic film, and
exposed overnight to storage phosphor imaging
screens (GE Healthcare, Chalfont St. Giles, UK).
All colony hybridizations were done in triplicate.
Hybridization images were captured using a STORM
840 densitometer (GE Healthcare), and quantitative

image analysis used ScanAlyze version 2.51 software
(http://rana.lbl.gov/dowloads/scanalyze/scanaylze2 v
ers_ 2 5l.exe). Positive and negative hybridization
signals were determined as previously described
(Yan et al. 2007).

The presence of virulence genes in strains show-
ing positive hybridization reactions, on any of the
triplicate membranes, was confirmed using a multi-
plex PCR approach using primer pairs stx1F/stxIR,
stx2F/stx2R, eaeAF/eaeAR (Paton and Paton 1998),
and primer pairs JW14/JW7 and LTPr1/JW11
(Stacy-Phipps et al. 1995). Template DNA was
extracted from cells grown overnight in LB medium
as previously described (Ishii ef al. 2006a), diluted
tenfold in distilled H,O, and 1 to 2 ul of lysate was
added to each PCR reaction. Isolates shown to carry
the eaeA gene were also tested for the presence of
the EAF virulence plasmid using primer pairs EAF1
and EAF25 (Franke et al. 1994).

Subtype analysis of the eaed gene was done
using a PCR-RFLP technique and primers EaeVF,
EaeR, EaeZetaVR, and EaelotaVR, as previously
described (Ramachandran ef al. 2003). Amplified
products were digested with restriction enzymes
Alul, Cfol, or Rsal to distinguish among 14 eae sub-
types (Ramachandran et al. 2003). DNA fragments
were separated by electrophoresis at 90 V for 2 to 3
hours using 2% SeaKem LE agarose gels (FMC,
Rockland, ME). Gels were stained with 0.5 pg ethidi-
um bromide per ml and visualized with UV light.

E. coli strains were classified into one of four
phylogenetic groups (A, B1, B2, and D/E) using a
multiplex PCR protocol as previously described
(Clermont et al. 2000). Strains with the Clermont
(+, - , +) genotype (phylogenetic group D) were test-
ed for the presence of ibeA4 to determine if these
strains actually belonged to phylogenetic group B2
(Gordon et al. 2008). HFERP DNA fingerprint
analyses were done using the BOXAI1R primer as
previously described (Johnson et al. 2004).

G-tests (likelihood-ratio or maximum likelihood
statistical significance tests) were used to determine
if E. coli carrying virulence factor genes were evenly
distributed among samples and across sites.
Statistical analysis of DNA fingerprint data was done
using Bionumerics software (version 2.1; Applied
Math, Kortrijk, Belgium). Dendrograms were con-
structed using the curve-based, Pearson’s product-
moment correlation coefficient and clustering was
done using the unweighted pair group method with
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arithmetic means (UPGMA; Johnson et al. 2004).
Multivariate analysis of variance (MANOVA) of
HFERP DNA fingerprint data was used to cluster .
coli strains isolated from different sites and in differ-
ent years (Dombek et al. 2000, Byappanahalli et al.
2006, Ishii et al. 2006a).

RESULTS

A total of 12,000 and 12,493 well-isolated indi-
vidual E. coli colonies were collected from Avalon
Bay sites B and C (Figure 1) at Santa Catalina
Island, CA in 2007 and 2008, respectively. The fre-
quency of obtaining E. coli from water samples var-
ied considerably by date, and the number of E. coli
strains recovered from Avalon Bay was greater at 8
a.m. than at 12 noon. Biochemical analyses indicat-
ed that 99.8% of the isolates were confirmed to be E.
coli as determined by methyl red and indole tests,
color on ChromAgar and MacConkey agar, citrate
utilization reaction, and B-d-glucuronidase activity
(data not shown). These results are consistent with
other reports concerning the ability of mTEC medi-
um to selectively isolate E. coli from water samples
(USEPA 2002, Yan et al. 2007).

Hybridization analyses were-used to screen envi-
ronmental E. coli isolates for the presence of viru-
lence genes. Of the 24,493 isolates examined, 875
(3.6%) were positive for eaed, and thus were consid-
ered to be potential EPEC strains. In contrast, none
of the isolates carried the STEC stx/ or stx2 toxin
genes, or the ETEC toxin genes L7-/ or STca. The
percentage of eaeA positive isolates present in a
given sample varied from 0 to 11.8% (Figure 2),
both within and across sampling years. G-test analy-
sis, done to compare individual samples collected at
common dates and times at each of the two sampling
sites, indicated that the presence of potential EPEC
isolates was not evenly distributed among samples (P
<0.001). While potential EPEC strains were found
at both sampling locations, isolates carrying the eaeA
virulence factor gene were present at a greater fre-
quency (P <0.001) for site B compared to site C (4.8
and 1.5%, respectively). Since relatively few E. coli
strains were obtained from the 12 p.m. samples, the
frequency of eaeA positive strains was not compared
across sampling times.

The 875 potential EPEC isolates, those carrying
the eaed gene, were also examined by PCR (Franke
et al. 1994) for the presence of the EAF plasmid. Of
the 875 potential EPEC isolates examined, 8 (0.9%)

were found to carry the EAF plasmid. Consequently,
these isolates were considered to be typical EPEC
strains (Ishii et al. 2007b). The PCR-RFLP subtype
analysis indicated that 87.5% of the 875 potential
EPEC strains carried the B intimin subtype (Figure
3, Table 1). While 6.2 and 3.1% of the potential
EPEC strains were comprised of eae subtypes x and
€, respectively, the intimin subtypes o-2, {, 1, 0, 1,
and v were found at lower frequencies among the
strains examined.

Phylogenetic grouping analysis was used to
investigate the evolutionary origins of the potentially
pathogenic EPEC strains. Preliminary assignment
into phylogenetic groups A, B1, B2, and D/E was
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Figure 2. Frequency of E. coli isolates carrying the
intimin (eaeA) gene from water samples collected at
Avalon Bay. Samples were collected in 2007 and 2008.
All samples were collected at 8:00 a.m., except those
indicated by * were collected at 12:00 p.m. Values
above the bars are percentages of isolates containing
the eaeA gene.
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based on multiplex PCR detection of the chud and
yjaA genes, chromosomal TSPE4.C2 DNA
(Clermont et al. 2000), and a PCR reaction to detect
the presence of ibeA (Gordon et al. 2008). Of the
875 isolates examined, the greatest number (70.5%)
belonged to phylogenetic group B1, followed by
those in phylogenetic group B2 (25.0%). Strains in
phylogenetic groups A and D were represented at
lower frequencies, 3.2 and 1.3%, respectively. The
relationship between phylogenetic group classifica-
tion and intimin subtype is shown in Figure 3.
While the majority of strains in phylogenetic groups
A, B1, and D/E carried the B intimin subtype, those
in phylogenetic group B2 carried a greater variety of
intimin subtypes. The phylogenetic groups B1 and
B2 strains, and B intimin subtypes represented
95.5%, and 63 to 96% of the isolates examined,
respectively.

The genetic relatedness of the potential EPEC
isolates was determined by using HFERP DNA fin-
gerprint analysis. Dendrograms created using data
from all 875 eaeA* isolates showed that the strains
were distributed into several distinct and genetically
diverse groups containing clonal and closely related
strains. The relative similarity among these strains
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Figure 3. Intimin subtypes among potential EPEC
strains separated by E. coli phylogenetic groups A (n =
28), B1 (n = 617), B2 (n = 224), and D/E (n = 6). The per-
centages of intimin subtypes o-2, B, {,n, 0,1, k, v, and §
among strains in each phylogenetic group are shown.

Table 1. Number and frequency of 9 intimin (eaeA) sub-
types among 875 potential EPEC strains isolated from
Avalon Bay, Santa Catalina Island, CA.

Number and
Frequency

Intimin Subtype

-2 7 (0.8%)
766 (87.5%)
6 (0.7%)
1(0.1%)
8 (0.9%)
54 (6.2%)
3 (0.3%)
3 (0.3%)
27 (3.1%)

-~ © 3 v ™ Q

v < R

ranged from 3.4 to 100% (Figure 4), although the
majority of strains were >40% similar. The genetic
relatedness of isolates from 2007 and 2008 ranged
from 6.4 to 100% and 2.4 to 100%, respectively.
The 875 potential EPEC strains could be divided
into four large groups based on their overall genetic
relatedness. The largest group consisted of 684
strains having >60% similarity, the majority of
which came from site B in 2007 and 2008. Strains
having relative similarity values of >92% were con-
sidered clones (Johnson ef al. 2004). Based on this
criterion, 128 different eaeA* potential EPEC strains
were isolated during this study. The two largest
groups of clonal isolates, designated as groups I and
I, contained 211 and 137 isolates, respectively
(Figure 5). Interestingly, group I strains were
obtained from sites B and C from several different
dates in 2007, and from site B on two dates in 2008.
In contrast, group II strains only contained EPEC
strains from sites B and C isolated from several
dates in 2007, and were not found in 2008 samples.
The remaining 126 potential EPEC strains were rep-
resented by <64 isolates. Approximately 64% (82
of 128) strains found in this study were represented
by a single isolate.

MANOVA analysis of HFERP DNA fingerprints
showed that isolates from 2007 and 2008 generally
clustered separately into two large groups (Figure
6). While this suggested that the isolates were gen-
erally different in each year of the study, the same
clonal potential EPEC isolate was sometimes detect-
ed at the same or different sampling site over con-
secutive years (Figure 5). The first and second dis-
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Figure 4. Dendrogram of HFERP DNA fingerprint data obtained from potential EPEC isolates from Avalon Bay, CA.
The dendrogram is collapsed at 40% similarity due to size constraints.

criminants of the MANOVA analysis accounted for
~91% of the variation (Figure 6), indicating the
strains clustered well to their respective groups.

DiscussION

The water samples used in this study were col-
lected adjacent to two popular swimming beach
sites in Avalon Bay, CA. Both of these sites suffer
from fecal contamination due to degraded sewer
infrastructure and fecal indicator counts at these
sites frequently exceed state and federal standards.
A recent Natural Resources Defense Council report
named these sites as 2 of the 10 most highly con-
taminated beaches in CA, based on the frequency of
samples exceeding the single sample standard of

104 enterococi per 100 ml water (Dorfman and
Rosselot 2008).

In this study, we examined Avalon Bay water for
the presence of potentially pathogenic E. coli. While
E. coli has historically been used as an indicator of
fecal contamination in inland, freshwater environ-
ments, this bacterium is generally not quantified in
marine environments (USEPA 1986), in part, due to
its perceived low survival rates (McCambridge and
McMeekin 1981, Anderson et al. 1983, Martinez et
al. 1989). However, this makes E. Coli an ideal can-
didate to examine recent fecal contamination. In
contrast, enterococci species are used as the indicator
for fecal contamination in marine systems because
Enterococcus counts have been shown to have strong
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Figure 5. Dendrogram of HFERP DNA fingerprint data obtained from strains represented by 10 or more clonal iso-
lates. Strains having =92% similarity are considered to be clones. Strain groups | and Il are designated.
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Figure 6. MANOVA analysis of HFERP DNA fingerprint
data obtained from all potential EPEC strains isolated
in Avalon Bay. Only isolates from site B are shown.
Strains isolated in 2007 and 2008 are indicated by (*)
and (¢), respectively. Only the first and second dis-
criminants are shown; together they represent 98% of
the variation.

correlation to human disease rates (Cabelli et al.
1982, Dufour 1984), and this bacterium survives
well in marine water (Hanes and Fragala 1967).
Despite this fact, E. coli was readily isolated from
marine waters at Avalon Bay, and potentially patho-
genic strains were detected. This may impact the
health of swimmers that ingest contaminated water.

Initial screening of the 24,493 E. coli isolates
collected from marine water samples was done using
an automated arraying system and methodology
which was originally developed to determine sources
of fecal bacteria in waterways using host source-spe-
cific marker genes (Yan et al. 2007). Results
obtained in the study presented here indicate that the
high throughput technology can be adapted to deter-
mine the presence of any gene among large popula-
tions of culturable bacteria. Of the isolates exam-
ined, 875 (3.6%) were found to be potential EPEC
strains based on detection of the eaed gene. Since
the majority (>99%) of the potential EPEC strains
described in this study did not harbor the EAF plas-
mid, these strain were classified as atypical EPEC
(aEPEC; Nataro and Kaper 1998, Kaper et al. 2004).

Currently, there is controversy regarding the
pathogenicity of aEPEC, and it has been suggested

that these strains likely arose from STEC that have
lost bacteriophages carrying stx genes, or EPEC
strains that have lost the bfp4 encoding EAF plasmid
(Levine and Edelman 1984, Bielaszewska et al.
2008). Recently, Tennant et al. (2009) showed that
80% of the EPEC strains they examined from clini-
cal and water samples were genetically distinct, car-
ried adhesins that may serve as replacements for the
lack of bfpA, and suggested that different populations
of aEPEC may have varying degrees of pathogenici-
ty. Historically, most cases of EPEC in industrial-
ized countries have been associated with typical
strains, but more recently aEPEC strains have been
linked to outbreaks of human disease affecting both
adults and children around the world (Bokete ef al.
1997, Hedberg et al. 1997, Yatsuyanagi et al., 2002,
Afset et al. 2003, Nataro 2006, Nguyen et al. 20006,
Afset et al. 2008). More recently, Nguyen et al.
(2006) reported that patients infected with aEPEC
strains were more likely to experience diarrhea last-
ing longer than two weeks, increasing the risk for
serious illness and death. Taken together, these
results indicate that aEPEC strains in contaminated
recreational water may represent a public health risk
to swimmers.

Interestingly, no STEC or ETEC strains were
found among the 24,493 isolates screened. This
result is similar to that reported by Higgins et al.
(2005), where the EPEC virulence gene tir was
detected in water samples at a significantly greater
frequency than stx1/stx2. The location of the sam-
pling sites may in part explain the lack of STEC iso-
lates, as the common reservoirs for these strains,
ruminants and swine (Djordjevic et al. 2004,
Fratamico et al. 2004, Gyles 2007, Ishii et al.
2007b), are likely not contributing to the fecal load
in the water we examined. Potential input sources
into Avalon Bay include only humans, pets, and
wildlife. Also, our lack of detection of ETEC strains
was not unexpected; these strains are often a major
cause of traveler’s diarrhea and childhood diarrhea in
developing countries (Nataro and Kaper 1998, Kaper
et al. 2004).

Potential EPEC strains identified in this study
were found in every sample examined, but were
present at a greater frequency at site B compared to
site C (5.3 and 1.9%, respectively). Statistical analy-
sis indicated the EPEC strains were also not evenly
distributed among samples collected at common
dates and times at different sites (P <0.001). The
reason for the uneven distribution is unknown, but
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may be related to the proximity of the sampling sites
to point sources of fecal contamination, ocean cur-
rents present at the sampling sites, and wind and
wave action. It is also possible that leaky sewer
pipes or run-off originating from humans, pets, and
wildlife may have impacted site B to a greater extent
than site C.

Results of this study also showed that temporal
distribution of the E. coli varied considerably. More
than 99% of the E. coli isolates screened in this
study were collected from samples obtained at 8
a.m., and only 3 of the 875 potential aEPEC strains
were isolated from the 12 p.m. samples. Additional
isolates from 12:00 p.m. samples were not collected
due to low E. coli counts in samples. Inactivation of
fecal indicator bacteria as result of exposure to sun-
light has been shown to be a major factor in the per-
sistence of this bacterium in the environment
(Davies-Colley et al. 1994), and may help to explain
the reduced number of culturable organisms in sam-
ples collected at 12 p.m.

Phylogenetic analyses, intimin subtyping assays,
and HFERP DNA fingerprint analyses revealed a
diverse population of potential aEPEC strains. The
strains mainly belonged to phylogenetic groups Bl
and B2, with frequencies of about 70 and 25%,
respectively. In contrast, while strains belonging to
phylogenetic groups A and D were also found, they
were present at much lower frequencies. Nine
intimin subtypes (a-2, B, {, M, 6, 1, K, v, and &) were
identified among the potential EPEC isolates by
PCR-RFLP analysis. The B, 1, and { subtypes were
most represented and present in frequencies of 87.5,
6.2, and 3.1%, respectively. Strains possessing the 3
intimin subtype were assigned to all four phylogenet-
ic groups, although the majority of the strains (77%)
were assigned to phylogenetic group B1. This result
is consistent with previous reports by Reid et al.
(2000) and Ramachandran et al. (2003) who showed
that the majority of strains comprising the 3 intimin
subtype belonged to phylogenetic group B1, and that
the P intimin subtype was found at higher frequen-
cies than other subtypes in clinical isolates from
humans. The t intimin subtype was found only in
B1 and B2 strains, with approximately 75% of the
isolates belonging to phylogenetic group B2. The
other intimin subtypes were detected at frequencies
of <1.0%. Ishii et al. (2007b) reported on the pres-
ence of the 1 subtype in isolates obtained from ducks
and geese, and the K subtype among E. coli from
domestic dogs and cats. Humans, pets, and birds are

likely the main contributors to fecal loading at the
sampling sites described in this study and, in light of
the studies described above, may explain the preva-
lence of the B, 1, and x subtypes. Additional studies
are necessary to conclusively determine the sources
of the potential aEPEC strains in Avalon Bay.

The HFERP DNA fingerprint data showed that
the potential EPEC strains belonged to several
groups, consisting of both clonal and closely related
strains. While 875 of the potential EPEC isolates
were comprised of 128 different genotypes, as
defined by Johnson ef al. (Johnson 2004), some were
genetically diverse: 650 strains belonged to clonal
groups consisting of 10 or more strains. Moreover,
40% of the potential EPEC isolates (348 of 875)
belonged to 1 of the 2 clonal groups and were com-
prised of strains obtained from both sites and across
sampling dates. The remaining 60% of the isolates
were comprised of 126 different genotypes, which
were found only once or in smaller groups and were
closely related to other strains in most cases. Since
some of the clonal potential aEPEC strains were iso-
lated during different years, our results suggest that
there is likely a reservoir of E. coli contributing to
fecal contamination at Avalon Bay.

Cluster analysis done using MANOVA con-
firmed results obtained using the correlation analyses
represented by dendrograms and showed that isolates
cluster relatively well by year into overlapping
groups of isolates from each site. Taken together,
these results suggest that a few different potential
EPEC strains are predominantly isolated from both
sites, at least during the summer months, and that
most other strains exist transiently. Also, the popula-
tion of potential EPEC strains may shift in succes-
sive years. The reason(s) why some strains were
detected at much greater frequencies over a range of
dates than other strains is not clear, but may be due
to continual deposition as the result of an unknown
reservoir or through persistence in the environment.

While the presence and detection of potential
EPEC strains in environmental samples has been
previously reported, the majority of these studies
examined freshwater environments and much fewer
isolates were examined (Lauber et al., 2003,
Hamelin et al. 2006, Ishii et al. 2007a). To our
knowledge, this present study represents the largest
examination of virulence genes among E. coli strains
obtained from marine recreational water completed
to date. Although the presence of virulence determi-
nants alone cannot be used to determine the patho-
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genicity of strains, results from this study show that
potential EPEC strains can be found in marine water
at Avalon Bay, adjacent to some of the most highly
contaminated beaches in CA. While the ability of
the strains described in this study to cause human
disease has yet to be determined, potential EPEC
strains have previously been implicated in human
diarrheal diseases. Screening of the potential EPEC
strains for other virulence factor genes, serotype test-
ing, and other assays may provide further evidence
to support this hypothesis. A quantitative measure of
the health risk associated with exposure to contami-
nated water containing these strains also needs to be
established through epidemiological studies.
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