APPLIED AND ENVIRONMENTAL MICROBIOLOGY, July 2006, p. 4545-4553
0099-2240/06/$08.00+0  doi:10.1128/AEM.00131-06

Vol. 72, No. 7

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Cladophora (Chlorophyta) spp. Harbor Human Bacterial Pathogens in
Nearshore Water of Lake Michigant

Satoshi Ishii,' Tao Yan,” Dawn A. Shively,’ Muruleedhara N. Byappanahalli,” Richard L. Whitman,’
and Michael J. Sadowsky'~**

Department of Soil, Water, and Climate' and BioTechnology Institute,* University of Minnesota, St. Paul, Minnesota, and

Lake Michigan Ecological Research Station, United States Geological Survey, Porter, Indiana 46304°

Received 18 January 2006/Accepted 18 April 2006

Cladophora glomerata, a macrophytic green alga, is commonly found in the Great Lakes, and significant
accumulations occur along shorelines during the summer months. Recently, Cladophora has been shown to
harbor high densities of the fecal indicator bacteria Escherichia coli and enterococci. Cladophora may also
harbor human pathogens; however, until now, no studies to address this question have been performed. In the
present study, we determined whether attached Cladophora, obtained from the Lake Michigan and Burns Ditch
(Little Calumet River, Indiana) sides of a breakwater during the summers of 2004 and 2005, harbored the
bacterial pathogens Shiga toxin-producing Escherichia coli (STEC), Salmonella, Shigella, and Campylobacter.
The presence of potential pathogens and numbers of organisms were determined by using cultural methods
and by using conventional PCR, most-probable-number PCR (MPN-PCR), and quantitative PCR (QPCR)
performed with genus- and toxin-specific primers and probes. While Shigella and STEC were detected in 100%
and 25%, respectively, of the algal samples obtained near Burns Ditch in 2004, the same pathogens were not
detected in samples collected in 2005. MPN-PCR and QPCR allowed enumeration of Salmonella in 40 to 80%
of the ditch- and lakeside samples, respectively, and the densities were up to 1.6 x 10> cells per g Cladophora.
Similarly, these PCR methods allowed enumeration of up to 5.4 X 10> Campylobacter cells/g Cladophora in 60
to 100% of lake- and ditchside samples. The Campylobacter densities were significantly higher (P < 0.05) in the
lakeside Cladophora samples than in the ditchside Cladophora samples. DNA fingerprint analyses indicated
that genotypically identical Salmonella isolates were associated with geographically and temporally distinct
Cladophora samples. However, Campylobacter isolates were genetically diverse. Since animal hosts are thought
to be the primary habitat for Campylobacter and Salmonella species, our results suggest that Cladophora is a
likely secondary habitat for pathogenic bacteria in Lake Michigan and that the association of these bacteria

with Cladophora warrants additional studies to assess the potential health impact on beach users.

Cladophora is a branching, filamentous, green alga (Chloro-
phyta, Cladophoraceae) that is found in both fresh and marine
waters (17). While Cladophora grows primarily on rocky sub-
strates, it often becomes detached and accumulates along the
shoreline, forming large, foul-smelling algal mats. Recently,
Cladophora spp. (mostly Cladophora glomerata L.) obtained
from several southern and northern Lake Michigan beaches
were shown to harbor high densities of Escherichia coli and
enterococci (57). These bacteria may even grow on Cladophora
under certain conditions (12). Algae, including Cladophora,
have been reported to provide nutrients and to protect at-
tached bacteria from environmental stresses, such as desicca-
tion, predation, and harmful radiation (12, 35). These findings
support the hypothesis that Cladophora can potentially harbor
and enhance the survival of pathogenic bacteria released into
the environment through point and nonpoint sources (12).

While it has been argued previously that growth of fecal
bacteria in secondary habitats is limited, there have been nu-
merous reports which have documented that suspended parti-
cles and sediments increase the survival time of bacteria in
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water (7, 10). Recently, Byappanahalli et al. (13) and Ishii and
coworkers (23) demonstrated that E. coli can grow and persists
in northern temperate soils exposed to extreme temperature
conditions. Taken together, these studies indicate that many
secondary habitats provide conditions that are conducive for
the growth and survival of fecal bacteria that were once
thought to be restricted to the gastrointestinal tracts of warm-
blooded animals. This has obvious public health and regulatory
implications.

Some Shiga toxin-producing E. coli (STEC), Salmonella,
Shigella, and Campylobacter strains cause diarrheal diseases in
humans. The STEC strains produce Shiga-like toxins and be-
long to a broad range of serotypes (45). While E. coli serotype
O157:H7, most likely originating from cattle, is one of the most
recognized serotypes and has received a lot of attention re-
cently, other serotypes are also responsible for human disease
and are prevalent in various host animals (45). Campylobacter
has been found to be the leading cause of diarrhea in humans
in the United States (46%), followed by Salmonella (28%),
Shigella (17%), and E. coli O157:H7 (5%) (3). The worldwide
rate of Campylobacter infections has been increasing over the
last several years and frequently exceeds the rates of infections
caused by Salmonella and Shigella (3, 40). Campylobacter jejuni
and Campylobacter coli are the two Campylobacter species that
are isolated most frequently from human patients (3, 9). Al-
though Campylobacter was previously thought to survive poorly
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FIG. 1. Locations of sampling sites at the Indiana Dunes National
Lakeshore. Samples were taken near a breakwater located between
Lake Michigan and the Burns Ditch embayment at Ogden Dunes
Beach in Ogden Dunes, Indiana. Cladophora samples were taken from
both ditch- and lakeside sampling areas.

in the environment (26, 28), C. jejuni has been isolated from
soil, surface water, beach sand, and waterborne protozoans (9,
16, 50). Protozoan-enabled survival of Salmonella and Shigella
has also been reported previously (27).

Humans are the primary habitat for Shigella (19), while birds
have been thought to be the major reservoir of Salmonella and
Campylobacter (3, 31). These human pathogens, however, have
also been reported to exist outside their primary hosts. For
example, Salmonella has been reported to survive in nonmam-
malian environments, including fresh vegetables (41), reptiles
(29), water, and macroorganisms (58), as well as in sands and
soils (56, 58). Similarly, E. coli O157:H7 has been detected in
fresh vegetables and apple cider, and recently, growth of this
bacterium was observed in manure-rich soils (4). Since E. coli
has been shown to survive and even grow in soils and on the
macroalga Cladophora (11, 12, 23, 43, 57), pathogenic E. coli
may also be able to survive and grow in these environments.

In the research described here, we investigated whether at-
tached Cladophora at a southern Lake Michigan beach was a
secondary habitat for the potential bacterial pathogens STEC,
Salmonella, Shigella, and Campylobacter. The presence of
pathogens and the numbers of bacteria were determined by
cultural methods and by conventional PCR, most-probable-
number PCR (MPN-PCR), and quantitative PCR (QPCR)
performed with genus- and toxin-specific primers and TagMan
probes. Here we report that over a 2-year period, STEC, Sal-
monella, Shigella, and Campylobacter were readily isolated
from Cladophora. DNA fingerprint analyses indicated that ge-
notypically identical Salmonella isolates associated with geo-
graphically separated Cladophora algae. The association of
these bacteria with Cladophora warrants additional studies to
assess the risk to public health, as well as the impact on regu-
latory issues.

MATERIALS AND METHODS

Site description and sampling. Cladophora samples were collected from a
breakwater located within the Indiana Dunes National Lakeshore in northwest
Indiana (Fig. 1). The breakwater is located between Lake Michigan and the
Burns Ditch embayment at Ogden Dunes Beach in Ogden Dunes, Indiana.

APPL. ENVIRON. MICROBIOL.

Water from the Little Calumet River feeds into Lake Michigan via the Burns
Ditch outfall; the river receives a complex combination of rural and urban waste,
including combined sewage overflows, septic field leachate, urban runoff, sludge
or runoff from manure-enriched farm fields, significant sedimentation, and nu-
trient loads (42). Samples were collected in July and September 2004 and
monthly between July and October 2005. Five Cladophora samples (thalli) were
collected from each site at each time, except for the 2004 samples (n = 4) and the
September 2005 ditchside samples (n = 3). Cladophora attached to submerged
rocks was collected from below the waterline on the Lake Michigan side (less
polluted) and on the Burns Ditch side (more polluted) of the breakwater. Rocks
with attached Cladophora were generally well separated (lake side, 3 to 12 m
apart; ditch side, 5 to 25 m apart). Cladophora samples were collected by hand,
placed in Whirl-Pak bags, and transported to the laboratory at 4°C. The samples
were immediately shipped to the University of Minnesota and were analyzed
within 24 h of collection.

Bacterial elutriation. Algal samples (1 g) were shaken in 9 ml of phosphate-
buffered water (pH 6.8) (PBW) as described previously (12, 57). To obtain
greater numbers of bacteria, algal subsamples (10 to 25 g) were placed in sterile
bottles and extracted with PBW containing 0.01% hydrolyzed gelatin (54) at a 1:4
(wt/vol) ratio. The bottles were shaken for 30 min using a wrist action shaker and
allowed to stand for 20 min, and the upper phase was used as the initial dilution
(2 X 107") for MPN analysis, for presence/absence analysis by conventional
PCR, and for real-time QPCR assays as described below.

Most-probable-number analyses. Five-tube MPN analyses (2) were used to
quantify culturable, Cladophora-borne, pathogenic bacteria and E. coli. Aliquots
(1 ml) of the initial dilution were serially diluted in 9 ml PBW to a 2 X 107¢
dilution. Aliquots (5 ml and 0.5 ml) of the initial dilution were added to selective
broth media (45 and 4.5 ml, respectively). Aliquots (0.5 ml) of all subsequent
dilutions were added to 4.5 ml of selective broth media. Lauryl tryptose broth
(LTB) containing 4-methylumbelliferyl-B-p-glucuronide (MUG) (Difco, De-
troit, MI), tetrathionate broth (TTB) (Difco), Hajna GN broth (Difco), and
Bolton broth (Oxoid, Hampshire, United Kingdom) were used for selective
growth of E. coli, Salmonella, Shigella, and Campylobacter, respectively. Most
culture tubes were incubated at 37°C for 48 h; the exceptions were the Bolton
broth tubes, which were incubated at 37°C for 4 h and then at 42°C for 44 h under
microaerobic conditions created with the CampyPak Plus microaerophilic system
with a palladium catalyst (Becton-Dickinson Microbiology Systems, Cockeysville,
MD) (22). MPN counts were calculated based on previously published tables (2)
and were expressed as log MPN per g (dry weight) of Cladophora. The means
and ranges of MPN counts for five replicate samples are reported below on a dry
weight basis.

Isolate confirmation and identification. Selective and differential agar media
(52) were used to confirm the presence of the pathogenic bacteria in MPN tubes.
The presence of E. coli in MPN tubes containing L'TB supplemented with MUG
was confirmed by fluorescence under long-wave UV light (366 nm) (54), and the
presence of STEC in tubes containing LTB supplemented with MUG, the pres-
ence of Salmonella in tubes containing TTB, the presence of Shigella in tubes
containing GN broth, and the presence of Campylobacter in tubes containing
Bolton broth were confirmed by PCR performed with toxin- or genus-specific
primers as described below. Salmonella sp. strains in tubes containing TTB were
isolated by streaking samples onto bismuth sulfide agar (Difco) and incubating
the preparations at 37°C for 48 h. Well-isolated black colonies were spot inoc-
ulated onto MacConkey agar (Difco), Rambach agar (CHROMagar Microbiol-
ogy, Paris, France) (48), and urea agar (Difco) plates and incubated at 37°C for
24 h. Colonies exhibiting responses typical of Salmonella on these media (trans-
parent colonies on MacConkey agar, pink colonies on Rambach agar, and yellow
growth on urea agar) were tested further using triple sugar iron agar (Difco)
slants (52). Confirmed Salmonella isolates were stored in 50% glycerol at —70°C
until they were used. Three isolates per MPN tube were obtained in this manner
and were subsequently confirmed to be Salmonella sp. isolates by PCR using
genus-specific primers.

Shigella sp. strains were isolated from LTB by streaking samples onto xylose
lysine desoxycholate (Difco) and salmonella-shigella (Difco) agar plates and
incubating the preparations at 37°C for 24 h. To isolate STEC strains, samples
from MPN tubes were streak plated onto tryptose blood agar (Difco) supple-
mented with washed sheep blood cells (6), sorbitol MacConkey agar, and
CHROMagar 0157 plates (CHROMagar Microbiology, Paris, France).

Campylobacter sp. strains were isolated from Bolton broth by streaking sam-
ples onto Campylobacter blood-free agar plates (Oxoid); the plates were incu-
bated at 42°C for 48 h under microaerobic conditions as described previously
(22). E. coli strain ATCC 25922, E. coli O157:H7 strain ATCC 43895, Salmonella
enterica subsp. enterica serovar Typhimurium strain ATCC 14028, Shigella flexneri
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TABLE 1. Primers and conventional PCR conditions used to detect pathogenic bacteria
Amplification condition
Target Primer Sequence (5'-3') MgCl, concn  Primer concn” Annealing Extension Reference
(mM) (M) temp (°C)  time (s)
E. coli uid4 uidA 298F AATAATCAGGAAGTGATGGAGCA 1.5 0.5 60 45 47
uidA 884R  CGACCAAAGCCAGTAAAGTAGAA
E. coli stx] and stx2  stx 300F GAACGAAATAATTTATATGT 1.5 0.5 53 60 32
stx 1166R* TTTGATTGTTACAGTCAT
E. coli O157 rfb O157PF8  CGTGATGATGTTGAGTTG 2 0.2 60 45 38
O157PR8  AGATTGGTTGGCATTACTG
Shigella sp. ipaH ipaH-1 GTTCCTTGACCGCCTTTCCGATACCGTC 2.5 0.2 60 45 21
ipaH-2 GCCGGTCAGCCACCCTCTGAGAGTAC
Salmonella sp.- ST-11 AGCCAACCATTGCTAAATTGGCGCA 2.5 0.2 60 45 1
specific sequences ST-15 GGTAGAAATTCCCAGCGGGTACTG
Campylobacter sp. C412F GGATGACACTTTTCGGAGC 2.5 0.4 55 45 33
16S rRNA gene  CI1228R CATTGTAGCACGTGTGTC

“ Our primer designation.

ATCC 20170, and C. jejuni ATCC 33291 were used for quality control of growth
media and PCR.

DNA extraction. DNA was extracted either directly from initial Cladophora
dilutions or from enrichment samples. For direct extraction, 10-ml aliquots of
Cladophora washes were centrifuged at 10,000 X g for 10 min, the pelleted cells
were saved, and each supernatant was filtered through a 0.2-wm membrane filter
(Millipore, Billerica, MA). DNA from the combined pellet and membrane frac-
tions was directly extracted by bead beating using a Bio 101 FastDNA mini kit
(Qbiogene, Carlsbad, CA). The final DNA solution was used as the template for
conventional PCR.

DNA was extracted from enrichment samples as follows. One milliliter of an
initial Cladophora dilution was added to 9 ml of LTB or TTB and incubated at
35°C for 24 h. The cultures were centrifuged at 10,000 X g for 10 min, and the
pellets were resuspended in 1 ml of 0.85% NaCl. Ten microliters of each solution
was mixed with 90 pl of 0.05 M NaOH in a microcentrifuge tube, heated at 95°C
for 15 min, and centrifuged at 10,000 X g for 1 min. The supernatant was diluted
10-fold in distilled H,O and used as a template for PCR.

For MPN-PCR analyses, DNA was extracted from each MPN tube except
Bolton broth tubes as follows. Ten microliters of liquid culture from each MPN
tube was mixed with 90 wl of 0.05 M NaOH in 96-well PCR plates (MJ Research,
Waltham, Mass.), heated at 95°C for 15 min, and centrifuged at 640 rpm for 10
min. The supernatants were diluted 10-fold in distilled H,O and used as tem-
plates for PCR.

For colony PCR analyses of Campylobacter, cells (1 wl) from single colonies
growing on Campylobacter blood-free agar were suspended in 100 pl of 0.05 M
NaOH in 96-well PCR plates, heated at 95°C for 15 min, and centrifuged at 640
rpm for 10 min. The supernatants were diluted 10-fold in distilled H,O and used
as templates for PCR.

The DNA used for real-time PCR was extracted using initial washes of
Cladophora as described above. DNA was extracted by bead beating using a
PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) according to the manufac-

turer’s instructions, except that the silica spin column was washed twice with
solution C5 and DNA was eluted from the spin column using 10 wl of elution
buffer solution C6. Elution was repeated four times (total volume, 40 ul) to
maximize the DNA concentrations.

Detection of pathogens using conventional PCR. Toxin- and genus-specific
primer pairs (Table 1) and conventional PCR were used to determine if patho-
genic bacteria were associated with Cladophora. The reaction mixtures (25 jl)
contained 10 mM Tris-HCIl, 50 mM KCl, each deoxynucleoside triphosphate at
a concentration of 0.2 mM, 0.2 ug bovine serum albumin (Roche, Basel, Swit-
zerland) per pl, 0.1% Triton X-100, 0.625 U of Tag DNA polymerase (Promega,
Madison, WI), and 1 pl of DNA template. The concentrations of MgCl, and
primers, the annealing temperature, and extension time were different for dif-
ferent primer sets and are shown in Table 1. PCRs were performed using a
PTC-100 thermal cycler (MJ Research) and the following conditions: initial
denaturation at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, primer
annealing at the annealing temperature for 30 s, and extension at 72°C for the
extension time. The annealing temperature and DNA extension time were dif-
ferent for different primer pairs (Table 1). After a final extension at 72°C for 5
min, the PCR mixtures were held at 4°C. Positive and negative (no DNA)
controls were included each time. The presence of target amplicons that were the
correct size was recorded and used to calculate the MPN count.

Quantitative PCR analyses. QPCR analyses were performed using TagMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA) and the
primers and target probes listed in Table 2. For Salmonella, the ttr locus (36) was
used as the target, whereas for Campylobacter, the genus-specific16S rRNA gene
sequence was targeted (34). Each reaction mixture (25 pl) contained 1X Uni-
versal PCR Master Mix, 0.2 ug/pl bovine serum albumin (Roche, Basel, Swit-
zerland), each primer at a concentration of 400 nM, each target probe (Inte-
grated DNA Technologies, Coralville, IA) at a concentration of 250 nM, and 5
wl of DNA template. The PCRs were performed in MicroAmp optical 96-well
reaction plates that were sealed with optical adhesive covers (Applied Biosys-

TABLE 2. Primers and TagMan probes used for QPCR

Target Primer or probe

Sequence (5'-3")* Reference

Salmonella-specific ttr locus ttr-6 (forward primer)
ttr-4 (reverse primer)
ttr-5 (probe)

Campylobacter sp. 16S TRNA gene campF2 (forward primer)
campR?2 (reverse primer)

campP2 (probe)

CTCACCAGGAGATTACAACATGG 36
AGCTCAGACCAAAAGTGACCATC
FAM-CACCGACGGCGAGACCGACTTT-BHQ1

CACGTGCTACAATGGCATAT 34
GGCTTCATGCTCTCGAGTT
FAM-CAGAGAACAATCCGAACTGGGACA-BHQ1

“ FAM, 6-carboxyfluorescein; BHQI, black hole quencher 1.



4548 ISHII ET AL.

tems). The optimized reaction conditions for Salmonella and Campylobacter were
experimentally determined to be 50°C for 2 min (for activation of uracil-N-
glycosylase), 95°C for 10 min (initial denaturation and 7ag DNA polymerase
activation), and 50 cycles of 95°C for 15 s and 60°C for 1 min. PCRs, subsequent
monitoring, and data analyses were performed using an ABI PRISM 7000 se-
quence detection system (Applied Biosystems). The baseline and threshold cy-
cles (C,) were determined automatically using the sequence detection system
software (Applied Biosystems). PCRs were considered valid when a typical
exponential amplification curve was observed and the C, value was between 20
and 42. Standard curves were generated by adding 0, 5, 50, 5 X 102, 5 X 103, 5
X 10% and 5 X 10° Salmonella and Campylobacter cells to Cladophora washes
prior to DNA extraction. The sizes of final PCR products were confirmed by
analysis on agarose gels. Numbers of cells were determined using plate count
agar (Difco) for Salmonella and Campylobacter blood-free agar for Campy-
lobacter. The C, values were plotted against cell counts, and linear regression
analysis was performed to generate standard curves. The detection limits of the
method were 50 Salmonella CFU/g of Cladophora and 5 Campylobacter CFU/g of
Cladophora, and the method linearities were 0.94 and 0.96 for Salmonella and
Campylobacter, respectively. S. enterica subsp. enterica serovar Typhimurium
ATCC 14028 and C. jejuni ATCC 33291 were used as standards. The statistical
significance of results was determined using the R program software (version
2.0.1; http://www.r-project.org/).

DNA fingerprint analyses. DNA fingerprinting of Salmonella was done using
the BOXAIR primer (55) and the horizontal fluorophore-enhanced repetitive
extragenic palindromic PCR (HFERP) DNA fingerprinting technique, as previ-
ously described (23, 24), whereas the population structure of Campylobacter
strains was investigated by repetitive extragenic palindromic PCR DNA finger-
printing with the ERIC 1R and ERIC 2 primers (55) (ERIC-PCR). The HFERP
method produced an average of 30 bands with the Salmonella strains, while the
ERIC-PCR method produced an average of eight bands with isolates of Campy-
lobacter. The PCR conditions were those described by Rademaker et al. (46),
except that an annealing temperature of 40°C was used (51). To ensure maxi-
mum genetic diversity among isolates, the initial dilutions, five replicates per
dilution, three dilutions per sample, and four different samples were used to
isolate Salmonella and Campylobacter from Cladophora samples. Electrophore-
sis, visualization, and analyses were performed as previously described (18, 24).
DNA fingerprint similarities were calculated by using Pearson’s product-moment
correlation coefficient with 1% optimization, and dendrograms were generated
using the unweighted pair group method with arithmetic means.

16S rRNA gene sequence and serotype analyses. Nearly full-length genes
encoding 16S rRNA from two representative Salmonella isolates and eight
Campylobacter isolates were sequenced and analyzed as previously described (13,
30). Strains were chosen for 16S rRNA gene sequencing based on groups ob-
tained by using HFERP and ERIC-PCR DNA fingerprints. Salmonella sero-
grouping and serotyping were performed at the Veterinary Diagnostic Labora-
tory of the University of Minnesota, St. Paul, and the National Veterinary
Services Laboratories, Ames, IA, respectively.

RESULTS AND DISCUSSION

Conventional PCR analysis to detect pathogens associated
with Cladophora. Toxin- and genus-specific primer pairs (Table
1) and conventional PCR were used to determine if pathogenic
bacteria were associated with Cladophora. The fluorescence of
MUG in growth tubes and PCR performed with the uid4 gene
primers indicated that E. coli was present in all Cladophora
samples obtained in July and September 2004. These results
are similar to those reported by Byappanahalli et al. (12) and
Whitman et al. (57), who used conventional microbiological
methods. PCR analyses performed with primer pairs for the
Shiga-like toxin genes stxI and stx2 and for the invasion plas-
mid antigen H gene (ipaH) indicated that STEC and Shigella,
respectively, were present in the September 2004 Cladophora
samples collected from the Burns Ditch side of Lake Michigan.
While Shigella was detected in all four (100%) alga samples
obtained near Burns Ditch, STEC was found in only one of
four (25%) of the samples. No STEC, Salmonella, or Shigella
was detected in the lakeside Cladophora samples, and Salmo-
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FIG. 2. Seasonal shifts in the population densities of E. coli and
potential pathogenic bacteria in lake- and ditchside Cladophora sam-
ples determined by MPN-PCR (A) and QPCR (B). Solid bars, E. coli;
striped bars, Campylobacter; open bars, Salmonella. Samples were ob-
tained in 2005, and the bars and error bars indicate means and stan-
dard errors, respectively.

nella was not detected in the ditchside samples taken in July
and September 2004. Moreover, no PCR products were ob-
tained when primers O157PF8 and O157PR8 were used, indi-
cating that the STEC found in the ditchside sample was not E.
coli serotype O157 (data not shown). The source of STEC and
Shigella in the September 2004 samples is unknown. How-
ever, since Burns Ditch is exposed to contamination from
combined sewer overflows (42, 44) and humans are the
major reservoir of Shigella (19), these bacteria most likely
originated from humans.

Despite the detection of STEC by PCR, isolation of STEC
from LTB containing MUG inoculated with the September
2004 ditchside samples was not successful due, in part, to the
growth of the background microflora and perhaps to the fact
that STEC could not be clearly differentiated on CHROMagar
0157 (5), sorbitol MacConkey agar (45), and tryptose blood
agar. While Beutin et al. (6) proposed that the production
of enterohemolysin is a useful marker for detecting STEC,
Boczek et al. (8) recently reported that enterohemolysin can be
produced by non-STEC environmental strains of E. coli. Thus,
more studies are needed to define the relationship between
enterohemolysin production and STEC more clearly.

Pathogen quantification by MPN-PCR. The detection by
PCR of STEC and Shigella in the September 2004 Cladophora
samples led us to use MPN-PCR, a more quantitative ap-
proach, in experiments conducted in 2005. For comparison
purposes, analyses of E. coli were done in parallel. The MPN
analyses indicated that Cladophora samples contained high
numbers of E. coli cells in the summer months. In general, the
numbers of Cladophora-associated E. coli cells increased as the
summer progressed, and the greatest number of Cladophora-
associated E. coli cells in lakeside samples occurred in August
and September (5.2 £ 4.6 and 5.8 = 5.5 log MPN E. coli per
g algae, respectively) (Fig. 2A). By October, however, the
Cladophora E. coli population in lakeside samples had de-
creased to barely detectable levels (0.9 = 0.4 log MPN/g algae).
In contrast, the greatest number of E. coli cells (5.4 = 4.8 log
MPN/g algae) in the ditchside samples occurred in August,
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while July and September samples contained 3.9 = 3.8 and
4.1 = 3.8 log MPN per g algae, respectively. The high E. coli
densities and population variations among algal samples were
generally comparable to those observed by Whitman et al.
(57). Furthermore, the seasonal variation in the E. coli popu-
lations in lake- and ditchside samples was most likely due to a
decrease in the water level and the greater exposure of algal
mats to solar radiation. Whitman et al. (57) reported that
sunlight significantly decreased the density of E. coli in
Cladophora mats, although the extent of the reduction was
dependent on mat thickness.

Despite the detection of STEC and Shigella in the 2004 sam-
ples, these pathogens were not detected in 2005 Cladophora sam-
ples. However, Salmonella was detected by MPN-PCR in 80%
(four of five) of the August lakeside samples (Fig. 2A). The
Salmonella population size in four replicate samples ranged from
0.6 to 1.9 log MPN per g algae, and the mean was 1.5 log MPN
per g algae. Salmonella was not detected by MPN-PCR in other
lake- or ditchside samples obtained on other sampling dates. The
variation may have been due to changes in lake inputs (58),
predation (49), or environmental factors such as temperature (49)
and solar radiation (39), all of which have been shown to control
Salmonella populations in aquatic systems.

In contrast, all of the ditch- and lakeside samples obtained in
August and 60% (three of five) of the samples obtained from
the lakeside in September contained Campylobacter (Fig. 2A).
The mean densities of Campylobacter in August ditch- and
lakeside samples were 1.2 + 0.92 log MPN/g (range, 0.69 to 1.7
log MPN/g) and 1.7 = 1.2 log MPN/g (range, 1.3 to 1.9 log
MPN/g), respectively. The mean number of campylobacters in
September lakeside samples was 1.9 log MPN/g algae (range, 1
to 2.4 log MPN/g). However, by October Campylobacter could
not be detected in any sample using this method (data not
shown).

While culturable Salmonella and Campylobacter were de-
tected in the August and September 2005 Cladophora samples,
the abundance was not related to the density of E. coli on this
host. Similarly, Carter et al. (14) reported that there was not a
significant correlation between Campylobacter counts and the
density of total and fecal coliforms or fecal enterococci. In our
studies, the Salmonella and Campylobacter densities were
about 4 orders of magnitude less than the E. coli densities,
suggesting that growth of these pathogens on Cladophora may
be limited by host and environmental factors. Moreover, the
occurrence and density of these pathogenic bacteria with
Cladophora may be temporally related to their concentrations
in input sources, sediments, sands, and water. Whitman and
colleagues (56) reported high levels of S. enterica subsp. en-
terica serovar Typhimurium in southern Lake Michigan beach
water. Interestingly, this bacterium was also recovered from
West Beach waters, about 2 km downcurrent (west) of Burns
Ditch, and the fingerprints of some of the isolates were similar
to the fingerprints of strains isolated from Chicago beach wa-
ter, sand, and gull feces. Moreover, the eaeA gene, indicative of
enteropathogenic E. coli, has been detected by PCR in beach
water samples from Ogden Dunes (Sheridan Haack, personal
communication). In contrast, Chomeau et al. (15) did not
detect Salmonella in the five Lake Michigan beach waters that
they investigated in 2003 and 2004 in Door County, Wisconsin.
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Quantitative PCR analysis. The numbers of Salmonella and
Campylobacter cells harbored by Cladophora collected in 2005
were also determined by QPCR using primers and TagMan
probes specific for these pathogens (Table 2). Salmonella was
detected in 60 and 40% of July and August samples, respec-
tively, collected from the lake- and ditchside sample areas.
However, Salmonella was not detected in the September or
October samples (Fig. 2B). QPCR analyses indicated that the
greatest densities of Salmonella cells were present in August in
the lake- and ditch-side samples, and these densities were
9.9 X 10% and 1.6 X 10? cells/g (dry weight) of Cladophora,
respectively. QPCR was more sensitive than MPN-PCR for
detecting Cladophora-borne Salmonella in lake and ditchside
samples. While MPN-PCR was effective for identifying Salmo-
nella only in August lakeside Cladophora samples, QPCR in-
dicated that the July samples contained up to 3.9 X10* Salmo-
nella cells/g. Similarly, while MPN-PCR analyses did not detect
Salmonella in any of the ditchside samples, QPCR analyses
detected significant numbers of cells of this pathogen in both
July and August Cladophora samples (3.7 X 10% and 1.6 X 10°
Salmonella cells/g, respectively) (Fig. 2B).

Campylobacter was present in 60, 60, and 100% of ditchside
samples taken in July, August, and September, respectively.
The greatest cell density, 39 cells/g Cladophora, occurred in
August samples (Fig. 2B), which corresponded to results ob-
tained by MPN-PCR. While Campylobacter was not detected in
August lakeside samples, perhaps due to PCR inhibition, this
pathogen was detected in 60% of lakeside samples obtained in
September and October, and the highest cell density, 5.4 X107
cells/g of Cladophora, occurred in September samples. While
significantly more Campylobacter cells were found in lakeside
samples than in ditchside samples (P < 0.05), the numbers of
Salmonella cells associated with Cladophora were not signifi-
cantly different for samples obtained on the two sides of the
embayment.

In general, QPCR analyses detected higher densities than
MPN assays detected. For example, QPCR detected a nearly
36-fold-greater number of Salmonella cells in August 2005
lakeside samples than an MPN analysis detected. Moreover,
while this pathogen was easily detected and enumerated in July
and August ditchside samples, MPN analyses did not detect
Salmonella in any sample. The ability of QPCR to detect viable
but nonculturable (VBNC) and/or dead cells may also explain
why this method detected higher densities of Salmonella and
Campylobacter cells in some of the samples than MPN analysis
detected. While it may be argued that enumerating dead or
VBNC pathogen cells does not provide important information,
such data are useful for assessing total pathogen loads in wa-
terways, for determining differential die-off of the pathogens
once they leave host animals, and for determining the poten-
tial health risks associated with the recovery of pathogens in
the VBNC state (25). While quantitative real-time PCR
assays alleviate some of the biases associated with cultiva-
tion, the accuracy and reliability of QPCR for pathogen
quantification may still be biased by the presence of PCR
inhibitors or the numerical dominance of specific genotypes
(20).

DNA fingerprint analyses. HFERP and ERIC-PCR DNA
fingerprint analyses were performed to characterize 37 Salmo-
nella strains and 38 Campylobacter strains isolated from
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FIG. 3. Dendrograms based on HFERP DNA fingerprints of Salmonella isolates obtained using the BOXAI1R primer (A) and on ERIC-PCR
DNA fingerprints of Campylobacter isolates obtained using the ERIC 1R and ERIC 2 primers (B). Dendrograms were generated using Pearson’s
product-moment correlation coefficient and the unweighted pair group method with arithmetic means clustering method. Salmonella strains SL101
to SL115, SL301 to SL308, SL401 to SL409, and SL501 to SL505 were isolated from lakeside Cladophora samples obtained from four different rocks
in August 2005. Campylobacter strains CD101, CD102, CD201, CD301, and CD503 were isolated from ditchside Cladophora attached to four
different rocks in August 2005. Campylobacter strains CL101 to CL104, CL201 to CL203, CL301 to CL303, CL402 to CL405, and CL501 to CL507
were isolated from lakeside Cladophora attached to five different rocks in August 2005. Campylobacter strains CL105 to CL113, CL305 to CL307,
and CL508 to CL510 were isolated from lakeside Cladophora attached to three different rocks in September 2005. The dashed lines and arrows
indicate the cutoff values used to define identical strains, which were 92% for HFERP DNA fingerprints (A) and 90% for ERIC-PCR DNA

fingerprints (B).

Cladophora. The 37 Salmonella isolates were obtained from
August lakeside Cladophora samples attached to four different
rocks. The Campylobacter strains were isolated from August
ditchside (5 isolates), August lakeside (18 isolates), and Sep-
tember lakeside (15 isolates) Cladophora samples attached to
four, five, and three different rocks, respectively. Figure 3A
shows that the majority of Salmonella strains examined were
monophyletic, with similarity values ranging from 94 to 100%.
Strains having HFERP DNA fingerprints with 92 to 95% sim-
ilarity were previously shown to be genetically identical (23, 24)
The high degree of genetic relatedness found among Salmo-
nella isolates was unexpected, given that the strains were ob-
tained independently from high and low dilutions and from five
replicates per dilution, three dilutions per sample, and four
different samples. The collection procedure ensured that both

numerically dominant and less prevalent strains were isolated
from Cladophora. Moreover, the genotypically identical Sal-
monella isolates were obtained from Cladophora samples at-
tached to different rocks that were as much as 25 m apart on
the two sides of the embayment. This result suggests either that
a large number of nearly identical Salmonella cells simulta-
neously became attached to different Cladophora thalli, which
seems unlikely, or that certain strains of Salmonella gain some
advantage by associating with Cladophora. The latter hypoth-
esis implies that there is strain-specific growth or survival. In
contrast to these findings, Whitman et al. (56) described re-
covery of genetically diverse S. enterica subsp. enterica serovar
Typhimurium isolates from Lake Michigan water and sedi-
ments. Similarly, diverse serovars of Salmonella have been
isolated previously from a marine environment (37) and beach
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sand (9). Taken together, these results indicate that the sal-
monellae in water, sediment, and sand may be more diverse
than the salmonellae that are associated with Cladophora. The
potential source(s) of the Cladophora-associated Salmonella is
unknown. However, Whitman et al. (56) reported that Salmo-
nella isolated from Lake Michigan near Chicago, IL, may have
originated from gulls.

Since HFERP studies performed with the BOXAIR primer
did not generate sufficient numbers of DNA fragments for
adequate characterization of Campylobacter strains (data not
shown), ERIC-PCR DNA fingerprinting was used to charac-
terize the Campylobacter isolates obtained from Cladophora.
Unlike the Salmonella strains, the Campylobacter strains were
genetically diverse and could be divided into nine groups with
genetic similarity values ranging from 2 to 98% (Fig. 3B).
Steinbrueckner et al. (51) reported that a single Campylobacter
strain repeatedly produced ERIC-PCR DNA fingerprints that
were at least 80% similar. In our reproducibility studies, how-
ever, ERIC-PCR DNA fingerprints of strain ATCC 33291
were >90% similar when the strain was analyzed multiple
times. Consequently, we considered the Campylobacter isolates
that we examined to be genetically identical if their ERIC-PCR
fingerprints were >90% similar. Based on this criterion, sev-
eral strains were isolated from Cladophora. However, a few
identical strains were isolated from different Cladophora sam-
ples obtained from both sampling locations. For example,
CL509, CL307, and CL113 were isolated from different
Cladophora samples attached to different rocks, yet their
ERIC-PCR DNA fingerprints were >98% similar (group
VIII) (Fig. 3B). Since Campylobacter isolates were found to be
diverse, while Salmonella isolates were nearly identical genet-
ically, our results suggest that enrichment preference and bias
were most likely not issues with our isolation scheme. Envi-
ronmental factors, such as nutrients, temperature, and preda-
tion (28, 53), have been shown to influence the survival of
Campylobacter, and Cladophora may enhance the survival of
campylobacters by providing a protective and nutritive niche.
The potential origin of Cladophora-associated Campylobacter
is still unclear. Since some waterfowl have been reported to
harbor Campylobacter (31), this source may be responsible for
the initial release of Campylobacter into Lake Michigan. More-
over, since we examined only submerged Cladophora growing
on rocks below the water line, the initial inoculation of the
algae most likely occurred in an indirect manner.

Taxonomic identities of Cladophora-associated Salmonella
and Campylobacter strains. Thirty-seven Salmonella strains
were isolated from PCR-positive MPN tubes for subsequent
DNA fingerprint analyses. A series of biochemical tests con-
firmed that these bacteria were Salmonella strains, and two
representative strains (SL302 and SL409) were confirmed to be
Salmonella strains based on 16S rRNA gene sequence analysis.
BLASTn analysis of the nearly full-length 16S rRNA genes
indicated that both of these strains exhibited 99.9% identity
(1,496/1,497 bases) with S. enterica subsp. enterica serovar Ty-
phimurium strain LT2. Serotype analysis revealed that isolate
SL302 was an S. enterica subsp. enterica serovar Newport
strain, strongly suggesting that the Salmonella strains associ-
ated with Cladophora were human pathogens. S. enterica subsp.
enterica serovar Typhimurium has previously been reported to
be present in Lake Michigan sand, sediment, and water (56).
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Thirty-eight strains were isolated from Bolton broth MPN
tubes, and all of these isolates were confirmed to be Campy-
lobacter strains by 16S rRNA-based genus-specific PCR. The
taxonomic identities of eight representative strains, one in each
repetitive extragenic palindromic PCR group (CD101, CD102,
CL101, CL105, CL109, CL203, CL506, and CL509), were as-
certained by sequencing the 16S rRNA genes. Sequence and
BLASTn analyses indicated that 87.5% of the strains (seven of
eight strains) had 16S rRNA genes with 99.9% nucleotide
identity (based on 1,419 bases) to the C. jejuni 16S rRNA
genes. However, the 16S rRNA gene of one strain, CD102,
exhibited 100% nucleotide identity (based on 1,419 bases) to
the 16S rRNA gene of Campylobacter lari. This strain belongs
to an outlying ERIC-PCR group, group IX (Fig. 2B). These
results are similar to those of Bolton et al. (9), who reported
that C. jejuni and C. lari were the Campylobacter species that
were isolated most frequently from wet sands of United King-
dom beaches that did not meet the EEC Bathing Water Di-
rective. Since C. jejuni and C. coli are the major campy-
lobacters that are pathogenic to humans (3, 9), our results
indicate that the majority of the Campylobacter strains that we
isolated from Cladophora may be potential human pathogens.

Conclusions. In this study we used cultural, physiological,
and molecular approaches to determine if pathogenic bacteria
associate with the green alga Cladophora. Taken as a whole,
our data indicate that Cladophora in Lake Michigan serves as
a reservoir for potential pathogens, such as STEC, Shigella,
Salmonella, and Campylobacter. While both S. enterica subsp.
enterica serovar Newport and C. jejuni were routinely isolated
from Cladophora from culturally affected and relatively clean
sites, detection of Shigella and STEC was time dependent,
suggesting that the presence of these organisms on Cladophora
was mostly related to increased inputs into the lake. While the
ultimate source(s) of these pathogens is unknown, evidence from
other studies suggests that they may have originated from gulls.
Our results indicate that Cladophora may be an important res-
ervoir for potential pathogens in Lake Michigan and that the
association of these organisms warrants additional studies to
assess the risk of the pathogens to public health.
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