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The bacterial pathogens Shigella, Salmonella, Campylobacter, and shiga toxin-producing E. coli
(STEC) were recently found to be associated with Cladophora growing in southern Lake
Michigan. Preliminary results indicated that the Salmonella strains associated with Clado-
phora were genetically identical to each other. However, because of the small sample size
(n= 37 isolates) and a lack of information on spatial-temporal relationships, the nature of
the association between Cladophora and Salmonella remained speculative. In this study, we
investigated the population structure and genetic relatedness of a large number of Clado-
phora-borne Salmonella isolates from Lake Michigan (n = 133), as well as those isolated from
stream and lake water (n=31), aquatic plants (n=38), and beach sands and sediments
(n=8) from adjacent watersheds. Salmonella isolates were collected during 2005-2007
between May and August from Lake Michigan beachsheds in Wisconsin, Illinois, and
Indiana. The genetic relatedness of Salmonella isolates was examined by using the hori-
zontal, fluorophore-enhanced rep-PCR (HFERP) DNA fingerprinting technique. While the
Salmonella isolates associated with Cladophora exhibited a high degree of genetic related-
ness (>92% similarity), the isolates were not all genetically identical. Spatial and temporal
relationships were evident in the populations examined, with tight clustering of the
isolates both by year and location. These findings suggest that the relationship between
Salmonella and Cladophora is likely casual and is related to input sources (e.g. wastewater,
runoff, birds) and the predominant Salmonella genotype surviving in the environment
during a given season. Our studies indicate that Cladophora is likely an important reservoir
for Salmonella and other enteric bacterial pathogens in Lake Michigan beachsheds, which in
turn may influence nearshore water quality.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Cladophora (Cladophoraceae) are filamentous green alga found
in fresh and marine waters. The accumulation of Cladophora
along the shorelines of the Great Lakes has become a serious

beach management problem, affecting the aesthetic and
recreational experiences, and potential health of visitors.
Whitman et al. (2003) reported high densities of the
fecalindicator bacteria Escherichia coli (E. coli) and enterococciin
Cladophora mats, with counts often exceeding 1.0 x 10°
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colony-forming units (CFU) per g algal tissue. Preliminary
studies suggested that such high bacterial densities are likely
attributed to in situ growth under certain environmental
conditions (Byappanahalli et al., 2003b). In addition to E. coli,
sulfate-reducing bacteria and other phylogenetically diverse
groups of bacteria have also been detected in Cladophora mats
(Olapade et al., 2006).

Recently, Ishii et al. (2006b) reported that enteric bacterial
pathogens, including Shiga toxin-producing E. coli (STEC),
Shigella, Salmonella, and Campylobacter can also be recovered
from rock-attached Cladophora in Lake Michigan. DNA
fingerprint analyses of a small number of strains (n=37),
done using the HFERP technique (Johnson et al., 2004; Ishii
et al,, 2006a) and the BOX A1R primer (Versalovic et al., 1991),
showed that almost all Salmonella strains recovered from
Cladophora consisted of a single genotype (>95% similarity).
Serotype analyses of two representative strains indicated
that the isolated bacteria belonged to Salmonella enterica
subsp. enterica serovar Newport, suggesting that the Salmo-
nella strains associating with Cladophora were likely human
pathogens. It has also been reported that genetically diverse
S. enterica subsp. enterica serovar Typhimurium strains are
present in southern Lake Michigan beach water (Whitman
et al, 2001), suggesting that either Cladophora acquires
specific genotypes of this pathogen directly from the envi-
ronment or that only a limited number of Salmonella geno-
types have the ability to survive in lake water. In contrast,
Ishii et al. (2006b) reported that Cladophora-borne Campylo-
bacter strains were genotypically diverse, with genetic simi-
larity values ranging from 2 to 98%, suggesting that lake
water contains highly diverse populations of Campylobacter
and that Cladophora does not display any preference for
a given bacterial genotype.

While our initial results showed that Cladophora is a reser-
voir for Salmonella and other potential human pathogens in
Lake Michigan, the data were not robust enough to make
definitive conclusions concerning genotypic diversity of the
Salmonella for two reasons: (a) only a small sample size was
used (n =37 isolates), and (b) there was a lack of information
about the geographical, spatial, and temporal factors that
might influence the relationship between Cladophora and
Salmonella.

To overcome these limitations, in the study presented
here we investigated the temporal and spatial variation in
population structure of a large number of Salmonella isolates
obtained from Cladophora (n =180) found in stream and lake
water, from aquatic plants, and from beach sand and sedi-
ments. The objectives of this study were to determine
whether populations of Cladophora-associated Salmonella
varied with time and location, and whether there was
a relationship between Salmonella populations associated
with Cladophora and those obtained from several potential
input sources (e.g. sand, water) where these bacteria have
been previously recovered. Our underlying hypothesis was
that the prevailing Salmonella genotypes present in lake
water and sediments become associated with Cladophora and
that these genotypes may vary each year due to changing
input sources. To test this hypothesis, we compared the DNA
fingerprint patterns of Salmonella isolated from Cladophora
and other sources from several Lake Michigan watersheds in

2006 and 2007 to each other, and to the DNA fingerprint
patterns of isolates obtained during the 2005 season (Ishii
et al., 2006b).

2. Materials and methods
2.1. Study location and sampling strategy

Cladophora-associated Salmonella strains isolated in 2005 were
obtained in August from the lakeside of the Ogden Dunes
breakwater at the Indiana Dunes National Lakeshore in
northwest Indiana, as previously described (Ishii et al.,
2006b). In 2006, Cladophora and water samples were collected
between June and August from several Lake Michigan bea-
ches where Cladophora common,
including Wisconsin (the Door Peninsula and Washington
Island, Door County, and North Beach and Wind Point Beach,
Racine), Illinois (63rd Street Beach, Chicago), Michigan
(Sleeping Bear Dunes National Lakeshore, Empire), and
Indiana (the lake- and ditch-sides of the breakwater near
Ogden Dunes beach, west branch of the Little Calumet River
near Portage Marina, and Dunes Creek near Indiana Dunes
State Park, Porter) (Fig. 1, Table 1).

In addition to water and Cladophora, other potential sources
of Salmonella were examined, including beach sand (n = 3) and
sediment (n=5) from the 63rd St. Beach (June 2006), and an
aquatic plant, Potamogeton sp. (Stukenia sp.) (n = 8), from North
Beach (August 2006). The characteristics of 63rd St. Beach and
the Wisconsin locations are described in greater detail else-
where (Whitman and Nevers, 2003; Ishii et al., 2006b; Klein-
heinz et al., 2006).

In 2007, intensive sampling in August focused on
selected watersheds in northwest Indiana; Dunes Creek, the
Little Calumet River (both east and west branches), and Salt
Creek, where Salmonella was frequently detected (Fig. 1,
Table 1). Characteristics of these coastal watersheds are
described in detail elsewhere (Whitman, 1983; Byappana-
halli et al., 2003a; Ishii et al., 2006b; Byappanahalli et al.,
2007). In brief, the Little Calumet River (LCR) feeds into Lake
Michigan via Burns Ditch at Ogden Dunes, Indiana. Salt
Creek drains into the east branch of the Little Calumet River
in Portage, Indiana, and Dunes Creek feeds into Lake
Michigan within the Indiana Dunes State Park in Porter,
Indiana. In general, E. coli densities in Burns Ditch are
usually higher than the adjacent lake. Here we refer to the
ditch- and lakeside locations as polluted and less polluted
areas, respectively. The majority of the Cladophora collec-
tions took place within the Little Calumet River watershed,
in an area surrounding the breakwater adjacent to the
Ogden Dunes beach.

Cladophora samples were collected by hand using latex
gloves and immediately transferred to sterile Whirl-Pak®
bags. Water samples were collected in sterile bottles or
Whirl-Pak® bags. Between sampling, hands were sanitized
with 70% alcohol, washed several times with sterile water,
and fresh gloves were used at each sampling location to
prevent cross-contamination. The samples were placed on
ice in a cooler during transportation and analyzed within
24 h of collection.

accumulations are
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Fig. 1 - (A) Map showing general study area with sampling locations (®). Cladophora samples were collected between June
and August during 2005-2007 along the shorelines of Lake Michigan bordering Wisconsin, Illinois, Indiana, and north
Michigan. During 2007, sampling was focused in Dunes Creek, the Little Calumet River, and the Salt Creek watersheds
(B), where Cladophora-associated Salmonella frequently was detected in previous years (Ishii et al., 2006b).

2.2. Bacterial elutriation

Bacterial isolates were obtained from Cladophora, sand, and
sediment samples as previously described (Whitman et al.,
2003; Ishii et al., 2006b). In brief, homogenized sub-samples
(usually 75 g wet Cladophora, sand, or sediment) were shaken
in 300 ml of phosphate-buffered water (pH 6.8) containing
0.01% hydrolyzed gelatin (Ishii et al., 2006b). Bottles were
shaken for 30 min on a horizontal shaker, allowed to stand for
20 min, and the upper phase served as the initial dilution (0.2 g
wet algae/ml) for analysis.

2.3.  Most probable number analyses

Aliquots (0.5 ml or 5 ml) of the initial dilution were added to
test tubes (n=>5) containing 4.5 ml or 45 ml of tetrathionate
broth (TTB) (Difco Laboratories, Sparks, MD). In addition, 50-
ml aliquots of the initial dilution were used to reconstitute
2.3 g of the dehydrated TTB medium, followed by the addition
of 1 ml iodine solution (6 g iodine crystals and 5 g potassium
iodide in 20 ml water). This resulted in three dilutions (10, 1,

and 0.1 g wet algae/ml), which were subsequently used for
five-tube MPN analyses. Culture tubes were incubated at 37 °C
for 48 h.

Enumeration of Salmonella in water, sand, sediment, and
Cladophora samples was done using three-dilution, five-tube
MPN analysis. Aliquots (1, 10, and 100 ml) of water samples
(n=5) were filtered through 0.45-pm membranes (Millipore,
Billerica, MA). The membranes were transferred to tubes
containing TTB medium and incubated at 37°C for 48 h.
During 2007, an additional 400 ml of each water sample was
filtered and processed as described above.

The presence/absence of Salmonella in each MPN tube
was determined by Salmonella-specific PCR as described
previously (Ishii et al.,, 2006b). Positive (S. enterica subsp.
enterica ser. Typhimurium ATCC 14028) and negative (unin-
oculated TTB) controls were used for PCR. MPN counts were
calculated based on published tables (Alexander, 1982).
Bacterial counts were expressed as log MPN g~'dry weight
(Cladophora, sand, sediment) or ml~* (water). Ranges of MPN
counts of three replicate samples are reported on a dry-
weight basis.
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Table 1 - Sampling location, sample type, and number of
samples collected during 2006 and 2007.

Location State  Year Substrate (N)
Burns Ditch, IN 2006  Cladophora (5), Water (2)
breakwater
Lake Michigan, IN 2006  Cladophora (5), Water (1)
breakwater
Dunes Creek IN 2006  Cladophora (6)
Little Calumet IN 2006  Water (1)
River, west
63rd St. Beach IL 2006  Cladophora (1), Water (3)
Wind Point WI 2006  Cladophora (5)
North Beach WI 2006  Non-Cladophora plant (1)
Murphy? WI 2006  Cladophora (1)
Ephraim? WI 2006  Cladophora (1)
Lakeside® WI 2006  Cladophora (1)
Jackson Port® WI 2006  Cladophora (1)
Whitefish Dunes?® WI 2006  Cladophora (1)
County Rd. 651% MI 2006  Cladophora (1)
Glen Haven MI 2006  Cladophora (1)
Cannery®
Platte River MI 2006  Cladophora (1)
Point®
Esch Rd.? MI 2006  Cladophora (1)
Burns Ditch, IN 2007  Cladophora (3), Water (1)
breakwater
Lake Michigan, IN 2007  Cladophora (3), Water (1)
breakwater
Dunes Creek IN 2007  Cladophora (3), Water (1)
Little Calumet IN 2007  Water (1)
River, west?
Burns Ditch, marina IN 2007  Cladophora (3), Water (1)
Burns Ditch, IN 2007  Cladophora (3), Water (1)
near plant
Little Calumet IN 2007  Water (1)
River, east?
Salt Creek, 700 N IN 2007  Cladophora (3), Water (1)
Salt Creek, 600 N® IN 2007  Water (1)
Salt Creek, IN 2007  Water (1)
Joliet Rd.?
Salt Creek, IN 2007  Water (1)
Horse prairie Rd.*
Sager Creek, IN 2007  Water (1)
Sager Rd.?

All sampling locations in Indiana (IN) are located in Porter County;
Wind Point and North Beach sites are located in Racine County,
Wisconsin (WI); Murphy, Ephraim, Lakeside, Jackson Port, and
Whitefish sites are located in Door County, WI; County Road 651,
Glen Haven cannery, Platte River Point, and Esch Road sites are
located Leelanau County, Michigan (MI).

a Denotes sampling locations where isolates were not obtained.

2.4. Salmonella isolation and confirmation

Presumptive Salmonella in MPN tubes were isolated by using
selective and differential agar media as described previously
(Ishii et al., 2006b). Salmonella isolates were stored in 50%
glycerol at —70 °C until used. Three isolates per MPN tube were
obtained in this manner and subsequently confirmed as
Salmonella sp. by PCR using genus-specific primers (Ishii et al.,
2006b). S. enterica subsp. enterica ser. Typhimurium strain
ATCC 14028 was used as a positive control strain for cultural
and PCR confirmations. Using this approach, 37, 79, and 64

Salmonella isolates were collected in 2005, 2006, and 2007,
respectively, for a total of 180 isolates.

2.5. DNA fingerprint analyses

Salmonella isolates were genotyped by using horizontal fluo-
rophore-enhanced rep-PCR (HFERP) DNA fingerprinting and
the BOX1AR primer as previously described (Johnson et al.,
2004; Ishii et al., 2006b). Gel images were analyzed by using
BioNumerics version 3.0 software (Applied-Maths, Sint-
Martens-Latem, Belgium). DNA fingerprint similarities were
calculated by using Pearson’s product-moment correlation
coefficient, with 1% optimization, and dendrograms were
generated by using the unweighted pair-group method with
arithmetic means (UPGMA) as previously described (Johnson
et al., 2004; Ishii et al., 2006b). A binary band-matching char-
acter table was generated by using the BOX-derived HFERP
DNA fingerprint data, and this table was analyzed by using
multivariate analysis of variance (MANOVA), a form of
discriminant analysis. MANOVA, which was done accounting
for the covariance structure, can be used to determine even
small differentiating features in user-specified groups. Clus-
tering of isolates was performed by using Jackknife analysis
(Dombek et al., 2000), which is useful in determining whether
entries in user defined groups are correctly classified.

3. Results and discussion
3.1. Salmonella detection and quantification by
MPN-PCR

From Cladophora. In 2006, Salmonella was detected in 23% (7 of 31)
of Cladophora samples from only the southwest side of Lake
Michigan borderingIllinois and Indiana, with densities (MPN/g)
ranging from 0.16 to 1.21. In 2007, Salmonella was detected in
72% (13 of 18) of Cladophora samples, with densities ranging
from 0.16 to 51.98. In contrast, while the frequency of Salmonella
in Cladophora in 2005 was much lower (i.e. 24%, 8/33) than in
2007, bacterial densities were much higher ranging from 3.79 to
89.46 (Ishii et al., 2006b).

For the years 2005-2007, Cladophora samples were collected
from the lake- and ditch-sides of the Ogden Dunes breakwater
in Indiana. In 2005, Salmonella was not detected by the MPN
method in Cladophora samples collected from the ditch side,
but was detected in 40% (8 of 20) of the lakeside samples, with
3.79 to 89.46 MPN/g algal tissue. In contrast, Salmonella was not
detected in Cladophora samples collected in 2006 from the
lakeside, but was detected in 75% (3/4) of ditch-side samples,
with densities ranging from 0.16 to 1.21. In 2007, however,
Salmonella was detected in 67% of ditch-side samples (2/3) and
in all three of lakeside samples of the Ogden Dunes break-
water, with densities ranging from 2.94 to 13.76 and 0.16 to
41.26, respectively. In Dunes Creek, Salmonella was detected in
33%, 2/6 (2006) and 67%, 2/3 (2007) of Cladophora samples, with
densities ranging from 0.3 to 0.51 and 6.89 to 51.98 MPN/g algal
tissue, respectively. Various cultural, biochemical, and
molecular tests confirmed that the presumptive bacterial
isolates recovered from Cladophora mats were indeed Salmo-
nella. These results support our previous observations that
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Cladophora is likely an environmental reservoir of Salmonella in
Lake Michigan watersheds (Ishii et al., 2006b).

From Water. In 2006, Salmonella was detected in 57% (4 of 7)
of the water samples, albeit in much lower densities (0.002 to
0.008 MPN/ml) relative to that seen with Cladophora. In 2007,
Salmonella was detected in 33% (4 of 12) water samples, with
densities ranging from 0.002 to 0.017 MPN/ml. No water
samples were analyzed for Salmonella in 2005 (Ishii et al.,
2006b). The high frequency of Salmonella in Cladophora relative
to water suggested that either Salmonella multiplies on Clado-
phora, or that the algae may simply act as an entrapping
matrix for the water-borne Salmonella cells. Since it was
previously shown that algal washings provide nutrients to
support the in vitro growth of enteric bacteria, such as E. coli
(Byappanahalli et al., 2003b), our data support the hypothesis
that Salmonella likely multiplies on Cladophora in the water
column. Interestingly, no Salmonella was detected in Clado-
phora samples obtained from Door Peninsula and Washington
Island (Door County, WI) or from Sleeping Bear Dunes
National Lakeshore in Michigan (Fig. 1), despite the fact that
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massive Cladophora accumulations are very common at these
locations. These results suggest that the occurrence of
Salmonella on Cladophora may be related to input sources,
especially those coming from anthropogenic activities (e.g.
wastewater, agricultural waste).

Taken together, these results indicate that both the
detection of Salmonella and their corresponding densities in
Cladophora and water were highly variable over the study
period. While the variability is not completely unexpected,
given the difference in the number and location of samples
between years, it was surprising that Salmonella was detected
in samples collected on both sides of the breakwater only in
2007. Variability in the association of Salmonella with Clado-
phora has been previously reported (Ishii et al., 2006b). Such
variations may be explained by changes in input sources
(Winfield and Groisman, 2003), perhaps due to runoff from
rain events (Gaertner et al., 2008), to predation (Rhodes and
Kator, 1988; Stevik et al., 2004), or other environmental factors
such as dilution, temperature (Rhodes and Kator, 1988), solar
radiation (McCambrdge and McMeekin, 1981), and the viable
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Fig. 2 - Dendrogram showing the relatedness of Salmonella strains isolated from Cladophora as determined by HFERP DNA
fingerprint analysis using the Box A1R primer. DNA fingerprint similarities were calculated by using the curve-based, cosine
coefficient and dendrograms were generated by the unweighted pair-group method using arithmetic averages (UPGMA).
Triangles represent genetically unique (i.e. 292% similarity) Salmonella isolates clustering into distinct groups; numbers to
the right of the each triangle represent the number of isolates in that group.
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but non-culturable (VBNC) state of this microorganism (Ros-
zak et al., 1984).

3.2. Population structure of Salmonella associated
with Cladophora

DNA fingerprint analyses indicated that the Salmonella strains
isolated from Cladophora displayed a high degree of genetic
similarity (>92%). Previously, it was shown that strains having
HFERP DNA fingerprints with >92 similarity could be consid-
ered to be genetically identical (Ishii et al., 2006b). Due to the
large number of isolates analyzed in our studies presented
here, which resulted in a large correlation tree, a full-length
dendrogram is not presented. However, when compressed for
presentation purposes using a 92% cutoff value, the 133
Salmonella isolates clustered into 15 distinct groups, with 2 to
37 clonal isolates per group (Fig. 2). Strikingly, all isolates from
2005 were in a single group (n = 37), whereas those in 2006 and
2007 were split between several groups containing from 2 to 24
isolates. Only 7 (5%) of the isolates comprised individual
lineages, indicating that the strains were highly related to
each other. In general, the 2005 and 2006 isolates were more
closely related to each other than to the 2007 isolates. Four
isolates from 2006 were very closely related (at a 85% simi-
larity level) to those in 2005. Likewise, 4 isolates from 2006
were distantly related (48% similarity level) to those in 2005.

The high degree of genetic relatedness among Salmonella
isolates was unexpected, given that the bacterial isolates were
independently obtained from Cladophora samples collected
over time and space to ensure that both numerically domi-
nant and less prevalent strains would be isolated from Cla-
dophora mats. Moreover, some of the genotypically identical
Salmonella isolates were obtained from Cladophora samples
attached to different rocks, as much as 25 m apart on either
side of the embayment near Ogden Dunes beach (Ishii et al,,
2006b). These results suggest that either nearly identical
Salmonella cells colonized Cladophora or that certain strains of
Salmonella have a selective advantage in associating with
Cladophora (strain-specific associations) that enable their
growth or enhanced survival in the environment (Englebert
et al., 2008).

3.3 Spatial-temporal relationships

MANOVA analysis of isolates obtained in 2005, 2006, and 2007
(Fig. 3) indicated that the Salmonella isolates strongly clustered
by year. The strong clustering of isolates was also seen in
Jackknife analysis (Table 2); percent correct assignment of
isolates by year was 100, 74, and 100% for 2005, 2006, and 2007,
respectively.

Jackknife analyses of geographically distinct strains
collected in 2007 (Table 3) showed that the HFERP DNA
fingerprints of Salmonella isolates from Cladophora from Burns
ditch near the steel plant (DNP), Wind Point (WP), and Portage
Marina (PM) sites were correctly assigned to their corre-
sponding sampling sites 100% of the time, and the 63rd Street
Beach (63rd) isolates were correctly assigned 89% of the time,
again indicating that there was a strong association of isolates
by location. In contrast, the percent correct assignment of
Cladophora-borne Salmonella from Dunes Creek (DC), the ditch-
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Fig. 3 - MANOVA analysis of Salmonella isolates obtained
from Cladophora collected in 2005, 2006, and 2007.

(IDD) and lake- (IDL) sides of Indiana Dunes, and Salt Creek-
700 N (700 N) locations was only 0, 13, 66, and 50%, respec-
tively. While some of the genotypes were shared among
certain locations (e.g., DC, IDD, and IDL) that were likely
impacted by similar contaminant sources, the majority of
Salmonella genotypes were both spatially and temporally
different, suggesting that these genotypes were likely derived
from different sources (Ishii et al., 2006b).

3.4. Genetic relatedness of Salmonella collected
from other sources

Besides Cladophora, Salmonella was also recovered from
a variety of samples, including beach sand, sediment, creek
and lake water, and an aquatic plant, Potamogeton sp. Overall,
the Salmonella isolates obtained from these sources (n=47)
displayed a high degree of genetic relatedness (>92% simi-
larity), but the isolates were not all identical. In general, the
Salmonella isolates clustered by sample type and location (data
not shown). Despite genotypic differences within the pop-
ulations examined, nearly identical Salmonella isolates were
found in certain samples. For example, 100, 75, and 82% of the
isolates obtained from the Little Calumet River (west branch),

Table 2 - Jackknife analysis of relative average

similarities of Salmonella isolates by year.

Assigned Group Average similarities (%)

2005 2006 2007
2005 100 10 0
2006 0 87 0
2007 0 3 100
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Average Similarities (%)

Assigned Group

LCR, east North Beach BD, marina Wind Point

Dunes Creek BD, breakwater Lake, Breakwater

BD, near plant

700 N

63rd

24

63rd

700 N

50

BD, near plant
Dunes Creek

63

14

100

71

BD, breakwater

100

Lake, breakwater

LCR, east

100

28

14
52
10
10

50

100

27

North Beach

BD, marina

100

50

Wind Point

Abbreviations for locations: 63rd, 63rd Street Beach, Chicago, IL; 700 N, 700th Street North, Salt Creek IN; BD near plant, Burns Ditch near steel plant, Indiana Dunes National Lakeshore, IN; Dunes

Creek, Dunes Creek, IN; BD breakwater, Burns Ditch side of breakwater, Indiana Dunes National Lakeshore, IN; Lake breakwater, Lakeside of breakwater, Indiana Dunes National Lakeshore, IN; LCR

East, Little Calumet River East, IN; North Beach, North Beach, Racine, WI; BD marina, Burns Ditch near marina, Portage, IN; Wind Point, Wind Point beach, Racine, WI.

Potamogeton sp. (North Beach), and river water from the Burns
Ditch side of breakwater were >92% similar, respectively, to
other isolates obtained from the same locations. Salmonella
isolates from 63rd Street Beach sand were closely related, at
the 88% similarity level, to those from water at the Little
Calumet River (west branch).

Some of the Cladophora-borne Salmonella isolates collected
during 2006 and 2007 at each sampling location were nearly
identical to those obtained from the other sources discussed
above. For example, 75% (9 of 12 isolates) isolated from Burns
Ditch water samples were identical to 69% (9 of 13) of the
Cladophora-derived isolates, and in 2006, 3 of 3 and 2 of 5
Salmonella isolates from sand and sediment samples from the
63rd Street Beach, respectively, were identical to 55% of the
Cladophora-borne Salmonella isolates obtained from the same
location. The recovery of Salmonella from the aquatic plant
Potamogeton sp., which is not phylogenetically related to Cla-
dophora, indicates that the Salmonella-Cladophora association is
less likely to be interdependent, instead it may reflect
a survival strategy of Salmonella in non-host environments
(Winfield and Groisman, 2003). Taken together, these findings
suggest that Cladophora likely acquires Salmonella from its
adjacent environment (e.g. sand, sediment, and water) and
there may be an exchange of genotypes between sources.

In the 2007 multi-watershed sampling, the presence of
a particular Salmonella genotype at given location in
a waterway had limited influence on those found further
downstream, and the genotypes were most often different.
Whitman et al. (2001) also reported the recovery of genetically
diverse S. enterica subsp. enterica ser. Typhimurium isolates
from Lake Michigan water and sediments. Similarly, diverse
serovars of Salmonella have been previously isolated from
marine beaches (Aulicino et al., 2001; Martinez-Urtaza et al.,
2004) and beach sand (Sanchez et al., 1986; Bolton et al., 1999;
Shatti and Abdullah, 1999). Based on the results of our find-
ings, we contend that Salmonella population in water, sedi-
ment, and sand may genetically be more diverse than that
associated with Cladophora.

Overall, the Salmonella strains isolated in this study were
relatively diverse. The Shannon diversity index for the entire
(all sources included) population was 2.71, with a species
richness value of 29. Interestingly, when the five dominant
groups (i.e. groups with more than 10 members) were
removed from the analysis, the diversity index did not change
substantially (from 2.71 to 2.84). Moreover, when isolates
derived from the same MPN tube were removed to reduce
potential enrichment bias, only two groups remained that
possessed more than 10 members, with the resulting diversity
index of 2.88. Taken together, these results suggest that the
diversity was spread fairly evenly across all the groups. The
Shannon diversity index reported here is very similar to that
reported for Salmonella enteritidis (2.81) obtained from human
and animal sources (Cho et al., 2007).

The current findings support previous results obtained by
Ishii et al. (2006b) that showed that the nuisance green alga
Cladophora can serve an environmental reservoir for the
enteric bacterial pathogen Salmonella in Lake Michigan
beachsheds. At this time, the source of these bacteria remains
speculative. However, the association of this pathogen with
Cladophora raises serious implications for beach water quality
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and public health, especially in the Great Lakes where Clado-
phora accumulations are common during the recreational
season.

4, Conclusions

In this study, we used cultural, biochemical, and molecular
approaches to determine if Salmonella was commonly associ-
ated with the green alga Cladophora and whether specific
Salmonella strains (genotypes) have a propensity to associate
with Cladophora at the same and different sites over time.
Taken as a whole, our data indicate that:

e Cladophora in Lake Michigan serves as an environmental
reservoir for Salmonella and potentially other pathogens,
such as shiga toxin-producing E. coli, Shigella, and
Campylobacter, as previously described,

e Genotypically identical Salmonella strains associate with
geographically separated Cladophora and other matrices,

e Salmonella strains associated with Cladophora varied
extensively by year that may be explained by the
Salmonella genotype that numerically dominates at
a particular site each year, and

e The association of potentially pathogenic strains of
Salmonella with Cladophora warrants additional studies
to assess risks to public health and impact on regulatory
issues.
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