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The recommendations set forth by the Environmental Protection Agency (EPA) for measuring recreational water quality
for microbe content rely on the use of the indicator bacterial
groups E. coli and enterococcus (14). For freshwater utilized
for recreational purposes, a single sample advisory limit is
exceeded when the number of E. coli bacteria is above 235
CFU/100 ml of water sampled or when the number of enterococci exceeds 61 CFU/100 ml of sampled water (22). One such
beach area particularly impacted by high levels of indicator
bacteria is Presque Isle State Park, in Erie, PA. This heavily
utilized swimming area, which attracts over 4 million visitors
annually, had 37 beach notification actions in 2006 due to
levels of E. coli that exceeded the EPA advisory limit (22).
While it is clear that high levels of indicator bacteria are commonly present in Presque Isle State Park beach waters, it is
unclear whether these indicators accurately reflect levels of
microbes that could potentially represent a danger to people
swimming in these waters.
The purpose of this study was to screen for the presence of
organisms that might have the ability to produce Stx in the
heavily utilized beach waters of Presque Isle State Park. Since
the production of Stx by such a diverse array of microorganisms is possible, we utilized a DNA-based approach for the
identification, enumeration, and comparison of the stx gene to
common microbial indicators of water quality in an aquatic
environment. A DNA-based approach has proven useful in
determining the presence of toxin genes in other aquatic ecosystems (13, 23, 24), including the stx gene, which has been
shown to be associated with algal mats in the waters of Lake
Michigan (10). Moreover, studies performed on stool, food,
soil, and water samples have provided evidence that the concentration of Stx-producing organisms in a sample correlates
with the amplification of DNA from those samples (18, 19, 20).
A recent study of wastewater samples found that the concentration of stx1 and stx2 extracted from STEC-spiked samples
linearly correlated with the number of colonies observed on
growth plates, which suggests that a DNA approach is a useful
strategy for quick and sensitive screening for Stx-producing
organisms in recreational waters (20).

Stx genes produce proteins that are pathogenic to humans.
Based on the amino acid similarity of the protein product, stx
genes are categorically divided into two types, those encoding
Shiga toxin 1 (stx1) and Shiga toxin 2 (stx2) (3). Both types
produce proteins that have the potential to inhibit translation
in certain eukaryotic cells (3). The Stx-dependent cessation of
protein synthesis, in conjunction with other cellular disrupting
activities, has been linked to damage to human blood vessels in
the colon, bloody diarrhea, and hemolytic uremic syndrome,
the number one cause of acute renal failure in children (7).
The etiological agents that harbor stx genes are bacteriophages and bacteria (21). Of these, the most epidemiological
information is available for Stx-producing Escherichia coli
(STEC) serotype O157:H7, which is responsible for approximately 73,000 cases of illnesses annually in the United States
(12). In addition to E. coli O157:H7, over 500 other serotypes
of STEC (1) and several non-E. coli bacterial species (16, 17)
have been reported to be capable of producing Stx. Thus, the
actual incidence of Stx-dependent illness is likely to be much
higher than the cases reported for E. coli O157:H7 alone.
The presence of Stx-producing organisms has been reported
for a number of aquatic ecosystems, including sewer water,
swimming pools, rivers, lagoons, lakes, oceans, and drinking
water (13). Due to the high rate of usage of some of these
water sources, Stx-dependent illness can occur in water that
harbors Stx-producing agents. For example, 12 confirmed cases
of STEC-dependent illness acquired from bathing beach water
were reported for Illinois in 1995 (2). Over the past decade,
STEC arising from water sources has been implicated in thousands of infections and hundreds of deaths (13). Hence, recreational waters are a major source of Stx transmission to the
general populace.
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Shiga toxin (Stx) genes produce proteins that are pathogenic to humans, leading to severe gastrointestinal
illness. This work focuses on examining the abundance and distribution of stx genes in relation to common
microbial indicators in beach water and streams in the vicinity of Presque Isle State Park in Erie, PA. By use
of quantitative PCR, the relative abundance levels of stx DNA in over 700 samples in the sampling area were
determined. The results demonstrate that the abundance and distribution of stx genes are variable and do not
correlate with the abundance of Escherichia coli bacteria, enterococci, or viral particles. These results suggest
that microbial indicators of water quality are not adequate in predicting the occurrence of organisms that
harbor stx genes and highlight the need for standardized pathogen-specific detection protocols for waters
utilized for recreational swimming.
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TABLE 2. Spatial distribution of beach water samples that tested
positive for the stx2 gene

FIG. 1. Schematic of sample site locations for tributary area 1
(TA1), tributary area 2 (TA2), beach area 1 (BA1), beach area 2
(BA2), and beach area 3 (BA3). The exact location of water collection
for each site is listed in the figure in the supplemental material.

MATERIALS AND METHODS

No. of samples

Total no. (%) positive

BA1
BA2
BA3

77
82
170

4 (5.19)
13 (15.85)
17 (10.0)

a

Beach area (BA) locations are described in the legend to Fig. 1.

determined using the SDS 7300 real-time PCR software program. All samples
that tested positive for stx1 or stx2 were confirmed by running two more separate
real-time PCRs. A subset of the positive samples from various water sources
were sequenced or subjected to a nested PCR, followed by agarose gel electrophoresis using the primers and conditions reported by Dumke et al. for further
identification purposes (6). A subset of samples were also seeded with plasmid
DNA of a known concentration, processed as described above, and subjected to
quantitative PCR for genes on the plasmid not found in aquatic ecosystems. The
CT value of this amplified signal was compared to that for plasmid DNA of the
same concentration to demonstrate that negative inhibition of PCR signal was
not occurring in these water samples. The final concentrations of samples testing
positive for the stx2 gene were determined by normalization of CT values to a
standard curve of DNA isolated from Global Resource Center bacterial stock
(ATCC 43889).
Viral epifluorescence. Water (1.0 ml) from each sample site was filtered
through a 0.45-m mixed cellulose ester filter to remove bacteria and larger
particulates. The filtrate was recovered and then filtered through a 0.2-m
Anodisc 25 filter (Whatman) to trap viral particles. The filters were then stained
with 80 l of a 25⫻ solution of the intercalating dye Sybr green I (Cambrex). The
filters were then mounted on microscope slides that contained 20 l of mounting
solution (1⫻ phosphate-buffered saline, 50% glycerol). Viral particles on each
slide were visualized with a Leica DML fluorescence microscope. For each slide,
viral particles from 12 regions of equal and known dimensions from three
separate pictures at random locations on a filter were counted to obtain final viral
particle concentrations as previously described (15).

RESULTS
We employed the use of quantitative PCR to test for the
presence of stx genes in the beach waters and tributaries west
of Presque Isle State Park (Fig. 1). The primers recognize stx1
or stx2 (9). In total, two tributary areas and three beach areas
(Fig. 1; also see the supplemental material) were monitored
over a course of 1 year. A summary of our findings is presented
in Table 1. Of the 716 samples that were probed for the

TABLE 1. Beach and tributary water samples that tested positive
for the stx1 or stx2 gene
stx1 samples
Locationa

Beach water
Tributary water

stx2 samples

No.

Total (%)
positive

No.

Total (%)
positive

329
387

2 (0.60)
3 (0.78)

329
387

34 (10.33)
3 (0.78)

a
Beach water and tributary water locations include all tested samples from the
beach (BA1, BA2, and BA3) and tributary (TA1 and TA2) areas presented in
Fig. 1.

FIG. 2. Percentages of beach water (BA1, BA2, and BA3) (Fig. 1)
samples that tested positive for stx2 within each season. The total
number of samples tested within each season is shown (n) for summer
2006 (July 2006-August 2006), fall 2006 (September 2006 to November
2006), winter 2006/2007 (December 2006 to March 2007), spring 2007
(April 2007-May 2007), and summer 2007 (June 2007 to August 2007).
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Sample collection. Samples were collected from the beach water and tributary
sites indicated in Fig. 1, using the procedure described in reference 4. A complete
listing of sample dates and locations for this study is provided in the supplemental material.
Bacteriological plating. Water samples were filtered onto 0.45-m mixed
cellulose ester filters, following outlined procedures (4). E. coli bacteria were
enumerated using modified mTEC agar (Difco), and enterococci were enumerated using mEI agar (Difco), following the instructions provided by the manufacturer. Enumeration of bacteria on growth plates was performed using EPA
established guideline 1603 for E. coli or EPA established guideline 1600 for
enterococci.
DNA isolation. Water samples were filtered onto 0.45-m mixed cellulose
ester filters as described previously (4). Following filtration, the membranes were
placed in 600 l of a TE (10 mM Tris, pH 7.5, 0.5 mM EDTA) solution, and
bacterial DNA was released into solution by using acid-washed glass beads as
described by Haugland et al. (8). The glass beads were allowed to settle, and 200
l of the TE solution was placed into a new Eppendorf tube. RNase A was added
to the new tube at a final concentration of 50 g/ml, and tubes were incubated
at 45°C for 15 min. The tubes were allowed to cool, and an equal volume of a
25:24:1 ratio of phenol-chloroform-isoamyl alcohol (pH 6.7) was used to remove
proteins. Of the remaining supernatant, 125 l was placed in a new tube for
precipitation with sodium acetate (pH 5.2) and ethanol. The final DNA pellets
were resuspended in 50 l of 10 mM Tris (pH ⫽ 7.5).
Quantitative PCR. For each DNA sample analyzed, 5 l of the final isolated
DNA was diluted to a volume of 20 l that contained final concentrations of 0.33
M forward primer (for stx1, GACTGCAAAGACGTATGTAGATTCG; and
for stx2, ATTAACCACACCCCACCG), 0.33 M reverse primer (for stx1, ATC
TATCCCTCTGACATCAACTGC; and for stx2, GTCATGGAAACCGTTGTC
AC), 0.25 M fluorescent probe (for stx1, TGAATGTCATTCGCTCTGCAAT
AGGTACTC; and for stx2, CAGTTATTTTGCTGTGGATATACGAGGG
CTTG), 0.34 M Tris (pH 7.0), and 1⫻ PCR buffer (12 mM Tris, pH 7.0, 50 mM
KCl, 5 mM MgCl2, 0.15 g trehalose, 1.6% glycerol, 0.2% Tween, 200 g/ml
nonacetylated ultrapure bovine serum albumin, 500 M deoxyribonucleotide
mixture, and 5 U of AmpliTaq Gold DNA polymerase). The primer sequences
were designed from a previous study (9). The reporter dyes for the fluorescent
probes were FAM (6-carboxyfluorescein) at the 5⬘ end of the probe for stx1 and
ROX (6-carboxy-x-rhodamine) at the 5⬘ end of the probe for stx2. The quencher
at the 3⬘ end of the probe was Black Hole Quencher 1 (BHQ-1) for stx1 and
BHQ-2 for stx2. All primer probes were ordered through Integrated DNA Technologies.
The DNA was amplified using an Applied Biosystems 7300 real-time PCR
system, using the following conditions: initial denaturing at 95°C for 5 min and
45 cycles of 95°C for 15 s and 60°C for 1 min. Threshold cycle (CT) values were

Locationa
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visory threshold for enterococcus or the advisory threshold for
E. coli did not test positive for the presence of the stx2 gene. In
total, only 5 of the total 24 samples above the advisory threshold limit for either bacterial indicator tested positive for stx2
DNA (Fig. 3A and B). Instead, the majority of samples testing
positive for the stx2 gene were below the advisory threshold
limit for either E. coli or enterococcus. For example, 7 of the
12 samples that were found to test positive for stx2 DNA when
enterococcus colonies were counted were below the advisory
threshold limit for enterococcus (Fig. 3B), while all four of the
stx2 gene-positive samples were found to be below the detection limit for E. coli when colonies of E. coli were measured
(Fig. 3A). Moreover, there was not a clear correlation between
the number of enterococcus colonies or E. coli colonies and the
relative concentration of stx2 DNA in the water samples analyzed (Fig. 3A and B, insets). Hence, neither enterococcus nor
E. coli colony growth appears to be a reliable indicator for
detecting the presence or relative abundance of the stx2 gene in
these waters.
In addition to enterococcus and E. coli colony numbers, we
also compared stx2 gene presence and concentration in a water
sample to virus concentration, which is an important part of
the microbial fauna in aquatic ecosystems that have been monitored in a number of studies (25). Of the 64 viral samples
taken, only 5, or 7.8%, tested positive for the presence of the
stx2 gene (Fig. 3C). Of the samples that did test positive for the
stx2 gene, there was a trend toward increasing concentration of
the stx2 gene compared to decreasing viral concentration (Fig.
3C, inset). However, there were many samples in the lower end
of the viral concentration spectrum that did not test positive
for stx2 DNA presence, demonstrating that viral particles are
not reliable indicators for detection of the stx2 gene in these
waters.
DISCUSSION
This study represents, to our knowledge, the first long-term
quantitative characterization of stx gene distribution in waters
commonly used for recreational purposes. The results of this
characterization indicate a low overall presence of STEC in the
waters analyzed. In these studies, the lower limits of detection
for both stx1 and stx2 were approximately 200 cells/ml, as determined by comparison of standard curves of extracted DNA
in control samples to colony counts of those samples on modified mTEC agar. Based on these limits of detection, this assay
would be capable of detecting approximately 3,200 cells that
harbor the stx gene for the 16 ml of water that adults are
estimated to ingest during swimming activities (5). Since we
used a DNA-based assay, it is impossible to know whether the
DNA detected came from individual cells or from fewer cells
with multiple copies. Moreover, these experiments did not

FIG. 3. Comparison of samples that tested positive (white bars with ⴱ) or negative (dark bars) for the stx gene when the number of E. coli (A) or
enterococcus (B) CFU or the number of viral particles (C) in the sample was known. The advisory limit for E. coli or enterococcus is indicted by
a solid horizontal line. The normalized concentration of stx2, expressed in pg/l, is compared to the number of E. coli (A) or enterococcus (B) CFU
or the number of viral particles (C) in the inset of each panel. The data point for 9 August 2006 BA3 that tested positive for stx2 is not shown in
the inset of the graph for comparison to number of enterococcus CFU, because the determined stx2 concentration of 7,200 pg/l was too large to
fit the scale of the graph.
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presence of the stx1 gene, only 5, or 0.7%, were found to be
above the limit of detection of 0.1 pg/l of amplified signal
when the results were standardized to those for control DNA
samples. The presence of the stx2 gene at these locations was
detected with an approximately fivefold-higher frequency than
that for to stx1, present in 37, or 5.17%, of the 716 samples that
were examined.
In addition to the difference in detection rates between the
stx gene types, we also found spatial variability in detection
frequency for a particular stx type. This is most evident upon
comparison of the detection frequency of the stx2 gene in
tributaries to that in beach water samples. While only 3, or
0.78%, of the 387 tributary samples tested positive for stx2
DNA, 34, or 10.33%, of the 329 beach water samples were
above the same detection limit for stx2 gene presence, a ⬎10fold difference in these water sources.
To refine our analysis of stx2 gene presence in beach waters,
we examined the spatial distribution of samples that tested
positive for stx2 DNA, which comprised the majority of samples that tested positive in this study (Tables 1 and 2). Despite
being separated from one another by only approximately 3 km
in total length (Fig. 1; also see the supplemental material), the
different beach sites showed variability in the presence of
the stx2 gene. This is most pronounced upon consideration of the
⬎3-fold-higher detection frequency of stx2 DNA in beach area
2 than in beach area 1 water samples, despite that the water
samples collected at these two sites were separated by at most
1 km (Fig. 1).
The beach area that is the most heavily utilized for recreational use is beach area 3, and this use occurs predominantly
during the summer months. Because of the relatively high
detection rate of the stx2 gene in this beach area, the temporal
distribution of the stx2 gene was examined in greater detail.
The results are displayed in Fig. 2 and demonstrate that there
is seasonal variability in stx2 gene detection frequency in these
beach waters. For example, nearly 30% of the samples tested
positive for the presence of stx2 DNA in the fall of 2006, while
only 3% tested positive in the summer of 2007 (Fig. 2). It is
noteworthy that the summer of 2006 had a ⬎6-fold-higher
percentage of samples that tested positive for the stx2 gene
than the summer of 2007, suggesting that these seasonal variations might also fluctuate on a larger time scale.
To directly test how the presence of stx2 DNA in a water
sample relates to commonly used microbial parameters of water quality, the levels of E. coli or enterococcus in a water
sample were compared to the relative concentration of stx2
DNA in those samples. The real-time PCR assay detected the
presence of stx2 DNA in 4 of the 52 samples in which E. coli
colonies were enumerated (Fig. 3A) and 12 of the 48 samples
in which enterococcus colonies were determined (Fig. 3B). The
data demonstrate that the majority of samples above the ad-
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ance of infectious Stx-producing bacteria transiently inhabiting
the water.
Since quantitative PCR can be completed in a few hours,
these results also demonstrate the utility of this procedure for
screening water samples over a prolonged period of time for
the purpose of alerting health officials when the presence of a
genetic reservoir for Stx arises in a body of water. Given the
limited understanding that we currently have on conditions
that favor outbreaks of Stx-dependent illness, such information
will allow for increased precautionary measures to be put into
practice when there is a detection of Stx in aquatic ecosystems.
The low infectious-dose rate required for Stx-dependent illness, the occurrence of Stx-dependent illness arising from water sources, the correlation of stx gene concentration with concentration of STEC, and the finding in this study that there is
not a correlation between stx2 gene presence and commonly
used microbial indicators of water quality all warrant such a
monitoring program.
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