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Clostridium botulinum type E toxin is responsible for extensive mortality of birds and fish in the Great Lakes. The C. botulinum
bontE gene that produces the type E toxin was amplified with quantitative PCR from 150 sloughed algal samples (primarily Cla-
dophora species) collected during summer 2012 from 10 Great Lakes beaches in five states; concurrently, 74 sediment and 37 wa-
ter samples from four sites were also analyzed. The bontE gene concentration in algae was significantly higher than in water and

sediment (P < 0.05), suggesting that algal mats provide a better microenvironment for C. botulinum. The bontE gene was de-
tected most frequently in algae at Jeorse Park and Portage Lake Front beaches (Lake Michigan) and Bay City State Recreation
Area beach on Saginaw Bay (Lake Huron), where 77, 100, and 83% of these algal samples contained the bontE gene, respectively.
The highest concentration of bontE was detected at Bay City (1.98 X 10° gene copies/ml of algae or 5.21 X 10° g [dry weight]).
This study revealed that the bontE gene is abundant in the Great Lakes but that it has spatial, temporal, and matrix variability.
Further, embayed beaches, low wave height, low wind velocity, and greater average water temperature enhance the bontE

occurrence.

ostridium botulinum produces neurotoxins (BoNT)—the

most lethal known—that cause botulism, a neuroparalytic
disease. These neurotoxins block the release of acetylcholine at the
neuromuscular junction and cause acute flaccid muscle paralysis
in humans, domestic animals, and wildlife, especially birds (1); as
little as 30 to 100 ng of toxin is potentially fatal to animals as well
as to humans (2). C. botulinum is a Gram-positive, anaerobic,
spore-forming, saprophytic bacterium that produces eight types
of neurotoxin (types A to H) (2—4). Types A and B generally in-
volve in food-borne botulism, types C and E predominantly cause
avian botulism (5), while type H is a recently discovered strain
associated with infant botulism (4).

Avian botulism outbreaks due to type E have been observed
around the Great Lakes and are sporadic temporally and spatially
(6-10). Avian botulism outbreaks were reported in the early
1900s, but intensive study did not begin until the 1960s when
people died from the consumption of improperly smoked Lake
Superior fish (11, 12).In 1963 and 1964, C. botulinum type E killed
more than 12,000 birds, mainly gulls and loons, in Lake Michigan
(13). Type E botulism outbreaks of various levels of intensity have
been recorded for Lakes Huron, Ontario, Erie, and Michigan an-
nually since 2006 (14).

C. botulinum is ubiquitous in the environment and frequently
detected in soils, surface water, sediments, Cladophora species,
fish, and benthic fauna (6, 12, 15-18), and up to 820,000 bontE
gene copies/mg have been detected in Lake Erie chironomids liv-
ing along the lake bottom (19). The offshore and onshore algae/
Cladophora play an important role in occurrence and survival of
C. botulinum in the Great Lakes, which produce conditions ideal
for the growth and survival of numerous microorganisms, includ-
ing C. botulinum type E (10, 18, 20-23). C. botulinum is present in
Cladophora mats as vegetative cells, not as spores, which indicates
that Cladophora mats provide a suitable microenvironment for
survival and growth of this organism (10). In 2011, Sleeping Bear
Dunes National Lakeshore (SLBE) experienced several large-scale
bird mortality events affecting primarily fish-eating birds, which
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were coincident with deposition of sloughed algae in this area
(10, 14).

The environmental and physicochemical conditions that drive
avian botulism outbreaks are uncertain: low lake levels, shallow
bays, reduced water exchange with open water, and increasing
lake temperatures may increase the chance of botulism outbreaks
(9, 12, 24). C. botulinum growth and toxin production may de-
pend on several factors. C. botulinum type E favors rich humus soil
with high moisture retention capacity, and it has been detected at
high concentrations in drainage basins in the Great Lakes (6, 7).
High concentrations of C. botulinum type E in lake sediment have
been correlated with land drainage, water currents, and sediment
deposition (25). Increased water temperatures may enhance the
type E detection in sediment, potentially indicating bacterial
growth under anoxic conditions (9, 19, 26). In addition, other
physicochemical parameters such as redox potential, pH, salinity,
available phosphorus, and turbidity may contribute to C. botuli-
num type E growth (19, 27, 28). Relationships among these pa-
rameters are complex; a multivariate regression model developed
using various sediment and water variables indicated that type C
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outbreak risk increased with 7.5 to 9.0 pH, negative redox poten-
tial, >20°C water temperature, and <2.0 ppm salinity (29). As far
we know, no such published environmental predictive model ex-
ists for type E botulism.

Toxin-producing strains of C. botulinum are typically identi-
fied by mouse bioassay. However, these assays are expensive and
tedious; currently, alternate methods, such as PCR or quantitative
PCR (qPCR), are available for determining BoNT serotypes (15).
Quantification of bontE in Great Lakes environmental samples has
been applied successfully, but the studies were typically limited to
only one or a few locations (19, 28). Furthermore, Cladophora
mats in multiple beaches in the Lake Michigan were studied using
most probable number PCR (MPN-PCR) (10).

The primary goals of this study were to (i) quantify the C.
botulinum type E toxin-producing bontE gene using qPCR in algal,
sediment, and water samples collected at beaches across the Great
Lakes, (ii) assess the spatial, matrix, and temporal variability of
occurrence of bontE, and (iii) evaluate possible connections to
environmental, physicochemical, and meteorological factors,
which may affect the occurrence of C. botulinum in different loca-
tions. The results of this study will be useful in developing a predictive
model which can be used for important management decisions such
as warning the beach visitors if there will be a potential outbreak or
preparing for collecting of bird carcasses and planning for proper
disposal methods.

MATERIALS AND METHODS

Site description. Samples were collected from 10 beaches in five states
from May to September 2012: Maumee Bay State Park (Maumee Bay) at
Lake Erie, Bay City State Recreation Area (Bay City) and South Linwood
Beach (Linwood) at Lake Huron, Brimley State Park (Brimley) at Lake
Superior, Sleeping Bear Dunes National Lakeshore (SLBE) at Esch Road/
Otter Creek, Portage Lakefront Beach (Portage) at Indiana Dunes Na-
tional Lakeshore, and Jeorse Park Beach (Jeorse), Hammond Beach
(Hammond), Waukegan Municipal Beach (Waukegan), and Deland
Beach (Deland) at Lake Michigan (Fig. 1). Here, these beaches are referred
by the names indicated in parentheses.

Collection of algal, water, and sediment samples. Sloughed algae
(typically Cladophora and, rarely, Chara) submerged and floating in water
(SUB) and sloughed algae accumulated onshore (AlgOn) were collected
weekly (when present) from each of 10 beaches for microbial analysis.
“Muck” samples, consisting of decaying algae and other field debris, were
taken from the shoreline of Bay City. Both algal and muck samples were
scooped with a sterile tongue depressor, placed in 7 oz. Whirl-Pak bags.
Water and sediment samples were collected from the Bay City, Jeorse,
SLBE, and Portage sites. Water samples were collected in 7-0z. Whirl-Pak
bags in waist-deep water approximately halfway between the surface of
the water column and the lake bottom. Two sets of routine sediment
samples (typically beach sand) were collected at each sampling location:
one set in knee-deep water (SED) and one set in moist sand between the
water’s edge and the high-water mark (sediment onshore [SOS]). Sedi-
ment samples under the algal mat (SUM) were collected when algae were
present on the beach. Sterile 50-ml tubes were filled about three-quarters
full with sediment by pressing the tube into the sand to obtain a core. All
samples were collected by using sterile collection techniques, i.e., moni-
tors used latex gloves that were changed between all samples, flame-ster-
ilized forceps, and sampling gear stored in a clean environment. All sam-
ples were immediately stored in a cooler on ice and transported to the field
office. In the field office, each 100 ml of water was filtered with 0.45-pm-
pore-size Isopore filters using sterile Microfil disposable filter cups (Mil-
lipore, Billerica, MA), and filters were placed in sterile petri dishes. All
samples were stored at —20°C until processed.
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FIG 1 Sampling locations: Maumee Bay, OH (lat 41.686005, long,
—83.377197); Bay City, MI (43.672081, —83.906380); Linwood, MI
(43.716431, —83.939751); Brimley, MI (46.417309, —84.555489); SLBE, MI
(44.766720, —86.074959); Deland, WI (43.762501, —87.696007); Waukegan,
1L (42.362358, —87.816010); Hammond, IL (41.699200, —87.513138); Jeorse,
IL (41.649502, —87.432861); Portage, IN (41.630630, —87.181633). The map
was created using ArcMap 10 (ESRI).

Beach monitoring. Beach transects were located on Federal land or
within U.S. Environmental Protection Agency (EPA) areas of concern
(30). Each catchment area was identified by using the National Hydrog-
raphy Dataset (NHD), version 2 (31). If a stream was within 8 km on
either side of the sampling location, an upstream area was found by nav-
igating upstream and selecting catchments that corresponded to the up-
stream area. Variables were then calculated for the catchment and up-
stream areas, including the percentage of land cover types from the
National Land Cover Database 2006 (32). Radar rainfall data (33) were
processed using the Environmental Data Discovery and Transformation
tool (34), and U.S. Census Bureau population data were obtained by using
ESRI’'s Community Analyst program.

Most physical and meteorological variables were estimated based on
standard methods as part of EPA sanitary surveys (36). Wind speed and
direction were estimated by using the Beaufort wind scale (www.spc.noaa
.gov/fag/tornado/beaufort.html). The sky condition (sunny, mostly
sunny, partly sunny, mostly cloudy, or cloudy), the amount of cloud cov-
erage (no clouds, 1/8 to 1/4 coverage, 3/8 to 1/2 coverage, 5/8 to 7/8
coverage, or complete coverage), and rain intensity (misting, light rain,
steady rain, heavy rain, or other) were estimated visually.

Wave height was estimated by placing a meter stick just seaward of
where the waves were breaking and recording the height of wave crests and
troughs. Longshore or littoral current and speed were estimated by noting
the time taken for a floating object to move at least 10 m and were ex-
pressed as the average of at least three replicates. Undercurrent direction
and speed were measured by estimating the direction and intensity of
movement (high, medium, or low) of flagging tape attached to a meter
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stick and submerged in waist-deep water so that the flagging tape moved
freely in the water column.

The amount of algal coverage on the beach and in the water was re-
corded in four categories (none, low [1 to 20%], moderate [21 to 50%], or
high [>50%]), and the type (periphyton, globular, free floating, or other),
description (attached to rocks, stringy, blobs of floating material, no ob-
vious mass of materials, or other), and color (light green, bright green,
dark green, yellow, brown, or other) of the algae were also noted.

AMBLE (avian monitoring for botulism lakeshore events) surveys also
prompted the recording of categorical estimates of a variety of beach
characteristics (37). Monitors made categorical estimates of precipitation
(none, fog, sprinkles, showers, or snow), wind speed (none, felt on skin,
small trees swaying, or sand blowing), wind direction, wave height (still,
gentle waves, waves 5 to 10 feet up beach, or waves >10 ft up beach), and
amount of Cladophora and Chara separately in five categories on the
beach (none, couple clumps, isolated spots, scattered continuous, or thick
mat) and in the water (none, couple clumps, isolated tufts, scattered con-
tinuous on lake bottom, thick, soupy, or solid). They also recorded the
number of dead round gobies (none, 1 to 30, or >30) and zebra or quagga
mussels on shore (none, couple clumps, isolated spots, scattered contin-
uous, or thick mat). Categorical rankings were expressed as integers (e.g.,
1 to 5) for analysis.

Multimeters were used to measure the following water quality vari-
ables, as per the manufacturer instructions, at each beach in knee-deep
water: conductivity, total dissolved solids (TDS), pH, salinity (Extech Ex-
Stik EC500; Test Equipment Depot, Melrose, MA), oxidation reduction
potential (Extech ExStik RE300) and dissolved oxygen (Extech ExStik
DO0600), and water temperature (either EC500 or DO600 Extech meters).
Nitrate-nitrogen (NO5-N) and phosphate (PO,) levels were estimated by
using a nitrate test kit (NI-11) and an orthophosphate test kit (PO-14;
both from Hach, Loveland, CO). Water turbidity was estimated by using
custom-made turbidity tubes (38).

Data on beach conditions were also collected from a variety of online
resources. Weather data were collected from the weather stations nearest to
the beach transects. Weather variables included temperature, dew point, pres-
sure, wind direction, wind speed, wind speed of gusts, humidity, hourly pre-
cipitation, daily precipitation, and a description of weather conditions (39).
Beach closure, contamination, and Escherichia coli data were harvested
from the Wisconsin Department of Natural Resources Wisconsin Beach
Health website (http://www.wibeaches.us/) and the BeachGuard websites
maintained by the Michigan Department of Environmental Quality (http:
/Iwww.deq.state.mi.us/beach/), the Ohio Department of Health (http:
//publicapps.odh.ohio.gov/BeachGuardPublic/), the Indiana Depart-
ment of Environmental Management (https://extranet.idem.in.gov
/beachguard/), and the Illinois Department of Public Health (http://app
.idph.state.il.us/envhealth/ilbeaches/public/). See the supplemental
material for these data (see Tables S1 to S5 in the supplemental material).
AMBLE survey and beach sanitary surveys were conducted at least twice
weekly from the end of May to mid-November 2012 and more often in the
summer months. Further, monitors measured the extent of nuisance al-
gae (e.g., Cladophora) on the beach and took note of fish, wildlife, and bird
activity.

DNA extraction. Frozen algal and sediment samples were thawed in a
refrigerator overnight. About 20 to 25 ml of wet algae was placed in a
50-ml sterile plastic tube and vortexed 15 min at 10,000 X g (Vortex
Mixer; Fisher Scientific, Pittsburgh, PA). DNA was extracted from 3 ml of
the homogenized algal slurry. Dry weight was determined by using 10% of
the remaining algal slurry samples. About 10 g of sediment (SED, SOS,
and SUM) was used for DNA extraction, and the sediment dry weight was
determined. A PowerMax soil DNA isolation kit (MO BIO Laboratories,
Inc., Carlsbad, CA) was used for DNA extraction from algae and sedi-
ment, while water DNA was extracted from the entire filter representing
100 ml of water by using an UltraClean DNA isolation kit (MO BIO
Laboratories), both according to the manufacturer’s instructions.
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Determination of moisture content of algal slurry and sediment.
Approximately 10% of algal samples were taken to determine the mois-
ture content of algal slurry. The algal slurry was shaken well, and 3 ml of
the slurry was pipetted into a preweighed dish. About 2 to 5 g of wet
sediment samples were placed on preweighed dish. All samples were kept
in the drying oven until the weights were constant and the moisture per-
centages were calculated.

qPCR standard preparation. Transformed E. coli competent cells
containing the bontE 1467F and 1605R gene fragments (15) were grown in
Luria-Bertani (LB) broth (Difco, Sparks, MD) overnight, and plasmid
DNA was extracted with a QIAPrep spin miniprep kit (Qiagen, German-
town, MD). Plasmid DNA concentration was measured with a NanoDrop
ND-1000 UV spectrophotometer (Thermo Scientific, Wilmington, DE),
and the gene copy numbers were calculated.

Reaction conditions for qPCR. An Applied Biosystems StepOne Plus
qPCR (Life Technologies Corp.) was used to amplify a fragment of the
bontE gene. All samples were run with six-point standard curves ranging
from 10 to 10° gene copies and no-template controls (NTC) in triplicates.
Each 25-pl reaction volume contained 5 pl of PCR-grade water (Pro-
mega, Madison, WI), 12.5 pl of TagMan environmental master mixture
2.0 (Applied Biosystems, Carlsbad, CA), 300 nM concentrations of the
forward and reverse primers 1467F (5'-AATATTGTTTCTGTAAAAGGC
ATAAGGAA-3") and 1605R (5'-AAGTTACTGTATCGTCAATTTCTTT
AGGAG-3") (Sigma-Aldrich, St. Louis, MO), a 200 nM concentration of
probe (5'-6FAM-AATGGTGAGTTATTTTTTGTGGCTTCCGAGAAT-
TAMRA-3") (Applied Biosystems) (6FAM, 6-carboxyfluorescein; TAMRA,
6-carboxytetramethylrhodamine), and bovine serum albumin (0.2 pg/pl;
Sigma-Aldrich). The qPCR thermocyclic conditions were as follows: 10 min
at 95°C for initial denaturing, followed by 45 cycles at 95°C for 15 s for dena-
turation and 60°C for 60 s for annealing and extension.

qPCR QA/QC. Several quality assurance and quality control (QA/QC)
approaches were performed to validate our qPCR results. (i) DNA was
extracted from three algal samples randomly selected to determine matrix
inhibition: undiluted, 10X-diluted, and 25X-diluted samples were am-
plified with a six-point standard curve, and the gene copy numbers were
calculated. (ii) The internal control is a quality control parameter that
determines whether the assays have amplified appropriately; 100, 1,000,
or 10,000 gene copy standards were used for this internal control. (iii)
Other quality control parameters for the QPCR standard curve were mon-
itored (see also Table S6 in the supplemental material for additional de-
tails).

Bacillus subtilis spore test. Because of restrictions on C. botulinum
growth in regular laboratories in the United States, B. subtilis (NAMSA
6633) spores were used to determine the contribution of spore DNA in
final copy number calculations (40). B. subtilis spores (50 1) were seeded
in a 500-ml volumetric flask with sterile water added to a total volume of
500 ml. The seeded cells were mixed well, and four 100-ml aliquots were
filtered through a 0.45-pl-pore-size filter. Four blank samples were also
filtered separately. Two blanks and two spore-filter-containing tubes were
used in a bead beater for 2 min, and two other blanks and spore-contain-
ing filters were placed on a vortex mixer at maximum speed for 15 min. All
eight samples were used for DNA extraction; in addition, B. subtilis
genomic DNA (1 ng/pl) was used as the positive control, and PCR-grade
water was used as a no-template control (NTC). A B. subtilis group 16S
rRNA gene fragment was amplified with the primers Bsub5F (5'-AAGTC
GAGCGGACAGATGG-3") and Bsub3R (5'-CCAGTTTCCAATGACCC
TCCCC-3") (40) by using Applied Biosystems StepOne Plus qPCR and a
comparative standard curve method. Each 25-pl reaction volume con-
tained 5 pl of PCR-grade water (Promega), 12.5 pl of SYBR green master
mixture (Applied Biosystems), a 400 nM concentration of forward and
reverse primers (Sigma-Aldrich), and bovine serum albumin (0.4 pg/wl;
Sigma-Aldrich). The qPCR thermocyclic conditions were as follows: 10
min at 95°C for initial denature, followed by 40 cycles at 95°C for 30 s for
denaturation, 65°C for 2 min for annealing, and 72°C for 2 min for exten-
sion, and the melting curve was analyzed with a temperature gradient of
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0.5°C per min from 60 to 95°C. The cycle thresholds (C;) of the NTC,
blanks, and samples were compared with the C. of the positive control.

Handling of triplicates at the lower end of the standard curve. The
limit of quantification (LOQ), i.e., the lowest concentration of a particular
genetic marker in the linear range of the qPCR standard curve (41), and
the limit of detection (LOD), i.e., the fifth percentile among the observed
Cy across all blanks and negative-control reactions (42), were calculated.
Due to the nature of probability, we cannot expect amplification of all the
triplicates at the low end of the standard curve every time. We established
amethod to classify the triplicates at the lower end of the standard curve.
If two or three replicates out of three yielded >3 and <10 gene copies, the
samples were categorized as detectable but nonquantifiable samples
(DNQ). If samples had two or three replicates that yielded >10 gene
copies, those samples were categorized as detectable and quantifiable sam-
ples (DQ). If all three replicates or two of three replicates yielded <3 gene
copies, the samples were categorized as nondetectable (ND). Throughout
this study, “above LOQ” (quantifiable) indicates DQ samples only, and
“above LOD” (detectable) indicates both DQ and DNQ samples.

Statistical analysis. Statistical analyses were conducted for the follow-
ing categorical and numerical data from all 10 sites by using Systat 13 and
SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA): (i) catchment char-
acteristics (the percentage of development, barren lands, forest, agricul-
ture, wetlands, and the population); (ii) water quality (water temperature,
conductivity, salinity, pH, dissolved oxygen and turbidity, and NO;-N
and PO,); (iii) beach sanitary survey information, i.e., the birds on the
beach, bird carcasses, Cladophora accumulation onshore and in the water,
Chara (a type of green algae) onshore and water, gobies onshore and
mussels onshore); and (iv) hydrological and meteorological data, i.e., air
temperature, wave height, precipitation, wind speed and direction, cur-
rent velocity, and wind velocity (see Table S7 in the supplemental material
for these data). Spearman correlations were used to determine the rela-
tionship between detection of bontE in all matrices and different meteo-
rological, hydrological, physicochemical, and beach characteristics. Dis-
criminant analysis and factor analysis were used to group the beaches
based on their characteristics. Unless specified otherwise, a Student ¢ test
was used to identify the differences between the treatments, and a P value
of <0.05 was considered statistically significant. A Student ¢ test was per-
formed only for quantifiable bontE gene copies, which were transformed
to a log scale.

RESULTS
QA/QC for qPCR assay. The qPCR standard curve quality control
parameters are given in Table S6 in the supplemental material.
The assay LOQ was 10 gene copies and the assay LOD was 3 gene
copies/5 pl of template DNA. The sample LOD and LOQ for algae
and muck were 600 and 2,000 gene copies/ml of slurry; the average
dry weight percentage in algae and muck slurry was 3.8%. The
sediment LOD and LOQ were 193 and 645 gene copies/g (dry
weight); the LOD and LOQ for water were 30 and 100 gene copies/
100 ml. Based on the inhibition test, a 10X dilution was selected
for all three matrices (data not shown). The results of the spore test
revealed spore DNA did not contribute to the qPCR amplification.
Occurrence of bontE at Great Lakes beaches. The Bay City,
Portage, and Jeorse beaches had the highest frequency of detection
of bontE in algae, while the Maumee Bay, SLBE, and Brimley sites
had intermediate frequency of detection. The Linwood, Ham-
mond, Waukegan, and Deland sites had low detection frequency,
and at the latter four sites and at Brimley, all of the results were
nonquantifiable (Table 1). The highest quantifiable bontE gene
concentration in AlgOn was reported at Bay City, where the aver-
age concentration was 99,662 gene copies, and concentrations
ranged from 29,336 to 198,559 gene copies/ml of slurry (Table 1).
Bay City also had the highest frequency of bontE detection; 90.9
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and 63.6% of the AlgOn samples, respectively, were above the
LOD and LOQ. Linwood and Bay City are two beaches located
only 8 km apart from one another, but at Linwood only 14.3% of
SUB and no AlgOn contained bontE above the LOD. Jeorse also
showed high bontE detection: 83.3% of AlgOn and 70.0% of SUB
samples were above the LOD. Portage also had a high percentage
of samples containing bontE above the LOD: 100% of AlgOn,
100% of water, 70% of SED, and 30% of SOS. Jeorse and Ham-
mond are beaches located about 8 km way from each other and, as
for Bay City and Linwood, there was a significant variability in the
distribution of bontE between these two sites. Algae were not often
present at Brimley, but a total of 75% of the Brimley AlgOn sam-
ples were above the LOD; only four samples from 3 days were
collected, and the samples for all 3 days were positive for bontE.
Similarly, at Waukegan four samples for 3 days were available for
analysis, and only one of the four samples was above the LOD.

SED from SLBE had the lowest percentage of samples contain-
ing bontE above the LOQ (7%), and Maumee Bay SED had the
highest percentage above the LOQ (41.7%). Portage SED had the
highest percentage of bontE above the LOD (70%).

Bay City and Portage had high frequencies of bontE detection
in water; 100% of the samples were above the LOD, while 100% of
the Bay City and 80% of the Portage samples were quantifiable.
Maumee Bay had the lowest percentage of water samples with
bontE above the LOQ and LOD (17 and 50%, respectively) while
those for SLBE were 43 and 86%, respectively.

bontE concentration in different matrices. A total 261 sam-
ples were analyzed for bontE gene: onshore algae (n = 101), sub-
merged algae (n = 37), muck (n = 12), sediment (SED, SOS, and
SUM [n = 74]), and 37 water samples. The bontE gene concentra-
tion was highest in AlgOn and SUB, followed by muck, sediment,
and water; all differences between major matrices (water, muck,
algae, and sediment) were statistically significant (P < 0.05; Fig.
2). The muck and algal matrices were largely wet; the average dry
weight percentage of algae and muck was 3.8% and that of sedi-
ment was 84.8%. All of the matrices were compared on a wet
volume basis (1 ml). The distribution of bontE in different matri-
ces at different sites is shown in Fig. S1 in the supplemental mate-
rial.

Water had the highest detection frequency but the lowest con-
centration compared to the other matrices. bontE was detected
above the LOQ in 56.8% and above the LOD in 81.1% of the water
samples. The quantifiable bontE concentration in water ranged
from 1,222 gene copies/100 ml at Bay City to 3,865 gene copies/
100 ml at Maumee Bay. In all cases, the bontE concentrations in
water were significantly lower than in algal, muck, and sediment
matrices (P < 0.0001).

Of 101 AlgOn samples, 20.8% were above the LOQ, while
46.5% were above the LOD. The quantifiable bontE concentration
varied from 4,725 gene copies/ml of algal slurry at SLBE to 198,559
gene copies/ml at Bay City. At Bay City, where muck was tested,
there was a high percentage of bontE detection: 41.7% of samples
were above the LOQ, 66.7% of samples were above the LOD, and
the bontE concentration in muck ranged from 29,336 to 69,417
gene copies/ml. Among algal samples, SUB had the lowest per-
centage containing bontE above the LOQ (10.8%) or LOD
(32.4%). Only the Jeorse SUB samples had bontE concentrations
in the quantifiable range: 34,544 to 158,268 gene copies/ml of
slurry.

The bontE concentration in SED varied from 8,330 gene cop-
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TABLE 1 Frequency of bontE detection or quantification and average concentration at each sampling site and matrix

% of samples

Total no. of
Sampling site Matrix samples Above LOQ Above LOD Avg no. of gene copies/ml” (SD)
Bay City AlgOn 11 63.6 90.9 99,662 (66,338)
Muck 12 41.7 66.7 39,787 (16,738)
SUB 1 0 0 Below LOQ
SED 9 22.2 22.2 8,335 (8)
S0OS 8 12.5 37.5 12,227 (NA)
SUM 3 0 66.7 Below LOQ
Water 8 100 100 1,511 (169)
Portage AlgOn 7 42.9 100 35,487 (8,124)
SED 10 30 70 19,260 (6,266)
SOs 10 10 30 14,897 (NA)
Water 10 80 100 1,900 (4,64)
Jeorse AlgOn 12 66.7 83.3 71,941 (45,154)
SUB 10 40 70 104,925 (53,158)
Maumee AlgOn 19 10.5 52.6 25,602 (906)
SED 12 41.7 41.7 21,861 (9,262)
SOs 7 28.6 28.6 21,346 (7,167)
Water 12 16.7 50 2,981 (1,250)
SLBE AlgOn 10 10 40 4,725 (NA)
SED 14 7.1 14.3 34,656 (NA)
Water 7 429 85.7 1,690 (150)
Linwood AlgOn 11 0 0 Below LOQ
SUB 7 0 14.3 Below LOQ
Brimley AlgOn 4 0 75 Below LOQ
Hammond AlgOn 12 0 16.7 Below LOQ
SUB 8 0 25 Below LOQ
Waukegan AlgOn 3 0 33.3 Below LOQ
SUB 1 0 0 Below LOQ
Deland AlgOn 12 0 0 Below LOQ
SUB 10 0 10 Below LOQ
Total AlgOn 101 20.8 46.5 68,359 (54,368)
SUB 37 10.8 32.4 104,925 (53,137)
Muck 12 41.7 66.7 39,787 (16,738)
SED 45 24.4 35.5 19,855 (9,629)
SOS 25 16 32 17,454 (6,205)
SUM 4 0 50 0
Water 37 56.8 81.1 1,825 (572)

@ Algae (AlgOn, muck, and SUB), gene copies/ml; sediment (SED, SOS, and SUM), gene copies/g (dry weight); water, gene copies/100 ml. NA, not applicable.

ies/g (dry weight) at Bay City to 37,141 gene copies/g (dry weight)
at Maumee Bay, while 24.4% of the samples had bontE concentra-
tions above the LOQ and 35.5% above the LOD. The SOS concen-
tration varied from 12,227 gene copies/g (dry weight) in Bay City
to 26,414 gene copies/g (dry weight) in Maumee Bay. There was
no significant difference between the bontE concentration distri-
butions in SED and SOS (P > 0.05). Generally, sediment samples
(SED, SUM, and SOS) displayed lower detection frequencies and
concentrations (P < 0.001) than algae.

Temporal variability of occurrence of bontE at various sites
and matrices. Because so many samples were below the LOQ,
analysis of the temporal variability of C. botulinum in all sites and
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matrices was not possible; however, samples collected from Bay
City and Jeorse had sufficient data to explore the temporal pat-
terns of bontE in AlgOn and water. Figure 3 shows the temporal
variability of the bontE found at Bay City. The bontE concentra-
tion found in water remained almost constant over time (ranging
from 1,222 to 1,765 bontE gene copies/100 ml). AlgOn samples
showed a temporal pattern (see Table S8 in the supplemental ma-
terial), where a high bontE concentration was reported in mid-
June (193,377 gene copies/ml), but for the next two consecutive
weeks these bontE concentrations were below the LOD. The sec-
ond week of July we found the highest reported bontE concentra-
tion in algae in this study (198,559 gene copies/ml). This changing
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pattern is not consistent over time, and the bontE concentrations
found during 3 months, June, July, and August, were compared. A
Student ¢ test showed that the bontE distribution during different
months was statistically not significant (P > 0.5). This is a single-
summer study; we feel that studying at least three consecutive
years is necessary to get more insight into temporal patterns.

Spearman correlation analysis of all sites showed that bontE
found in AlgOn was positively correlated with water temperature
(r = 0.3; see Table S9 in the supplemental material). There were
only two quantifiable SED (8,330 and 8,341 gene copies/ml in
August and September) and one SOS (12,227 gene copies/ml in
June) samples found in Bay City. Most sediment samples collected
during the middle of the summer contained bontE concentrations
below the LOD.

Jeorse was unique in that two storm events were targeted for
sampling that occurred in the beginning and middle of August.
Most of these event samples contained higher bontE concentra-
tions than the regular samples (see Fig. S2 in the supplemental
material). A Student ¢ test showed that the bontE concentrations
during the two storm events were significantly higher than during
the regular sampling period (P < 0.05). Figure S2 and Table S10 in
the supplemental material show a trend for the bontE concentra-
tion increasing during storm events, but we suggest that more
sampling is required to confirm this hypothesis.

Correlation between bontE detection and meteorological
and physicochemical factors. Several significant correlations
were observed between log, , bontE detection in different sites and
matrices with different meteorological, hydrological, physico-
chemical, and beach characteristics (see Table S8 in the supple-
mental material). A positive correlation was found between the
bontE gene concentration in AlgOn and the bontE concentration
in SUB (r = 0.47). bontE in SUB was negatively correlated with
wind speed, wave height, and mussels (r = —0.52, —0.35, and
—0.42, respectively) and positively correlated with pH (r = 0.4).
Further, bontE in water was also negatively correlated with wind
speed, NO;-N, and turbidity (r = —0.43, —0.37, and —0.49, re-
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FIG 3 Temporal variability of C. botulinum bontE found at Bay City Recre-
ational Beach. Closed circles represent AlgOn, and open circles represent water
samples. Three AlgOn samples detectable but not quantifiable were assigned a
value of log,, = 1.

spectively) and positively correlated with conductivity and salinity
(r = 0.41 and 0.48), but bontE found in SOS showed a positive
correlation with wave height (r = 0.5). bontE found in Bay City
muck, which had a limited number of samples, showed positive
correlations with PO,, TDS, and bontE found in water (r = 0.81,
0.60, and 0.95).

Grouping of beaches based on bontE gene concentration.
Beaches were grouped into those having (Bay City, Jeorse,
SLBE, Maumee Bay, and Portage) or not having (Deland,
Waukegan, Hammond, Brimley, and Linwood) quantifiable
results in AlgOn, and initial discriminant analysis conducted
by using all the variables in Tables S1 to S5 in the supplemental
material did not discriminate between these two groups
(Wilk’s lambda = 0.2160, P = 0.972); however, many of the
variables were correlated (e.g., land cover percentages). Subse-
quently, six variables that varied substantially between the two
groups were selected to represent land cover (barren lands),
water quality (mean NO;-N), weather (average water temper-
ature and average wind speed), and hydrometeorology (wave
height and the magnitude of depth-averaged water velocity)
(Table 2). Discriminant analysis using these six variables dis-
tinguished these two groups (Wilk’s lambda = 0.037; P = 0.03;
Table 2). Beaches with quantifiable bontE in algae had different
catchment land uses (more barren lands, less developed area,
more forest and shrubs, and more agriculture) and a greater
average water temperature, but lower concentrations of
NO;-N, wave heights, and water velocity than beaches without
detections (Table 2).

Among all 10 sampling sites, Bay City had the highest bontE
concentration and frequency of detection. Therefore, the possible
pathways of C. botulinum to this site are drainage from the Sagi-
naw River, storm drains, and Tobico Marsh (see Fig. S4 in the
supplemental material); further, both northeast and southwest
winds (northwest and southeast winds were rare) may play a role
in high bontE detection at Bay City (see Fig. S3 in the supplemental
material).
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TABLE 2 Group means for environmental characteristics of beaches
having or not having quantifiable bontE concentrations in algae

Group mean

Beaches with Beaches without

quantifiable bontE  quantifiable bontE

Parameter” in algae in algae
Catchment area (ha) 19.7 5.9

Developed area (%) 25.8 48.1

Barren lands (%)* 13.1 9.60

Forest and shrubs (%) 25.9 12.6

Agriculture (%) 11.9 1.70

Grasslands (%) 0.70 0.30

Wetlands (%) 18.8 21.1

Catchment population (log,,) 2.76 3.1

E. coli (CFU/100 ml 113 55
[geometric mean])

Birds (seasonal avg) 43.6 41.0
Cladophora onshore (1 to 5 scale)  2.03 1.82
Mussels on shore (1 to 5 scale) 1.23 1.32
Mean water temp (°C)* 23.1 21.7
Mean conductivity (u.S) 391 265
Mean total dissolved solids (ppm) 273 187
Mean pH 8.73 8.53
Mean dissolved oxygen (ppm) 7.67 7.63
Mean NO5-N (mg/liter)* 0.35 0.58
Wave ht (m)* 0.28 0.37
Magnitude of water velocity 0.02 0.06
(depth averaged) (m/s)*
Wind avg (mph)* 6.05 5.57
Precipitation daily avg (in.) 0.10 0.13

@ *, six variables were used for discriminant analysis.

DISCUSSION

Variability of bontE distribution by locations. We found that C.
botulinum type E is ubiquitous, but its occurrence was consistent
across neither locations nor matrices. Only a few studies have been
conducted throughout the Great Lakes to compare data on spatial
variability of the distribution of bontE, and most of these studies
concentrated on local areas (10, 19, 28). A study conducted in
1968 at several locations over the Great Lakes also found an un-
even distribution of C. botulinum type E in the Great Lakes, and it
was more prevalent in Green Bay, followed by the Bay City and the
Maumee Bay areas (7). Chun’s group also identified spatial vari-
ability of C. botulinum at beaches in the Great Lakes (10); they had
conducted intensive studies in SLBE in 2011 and found that 73%
of the Cladophora samples collected from seven beaches contained
C. botulinum type E and the highest concentration detected was
10> MPN/g (dry weight) (10). Our study in 2012 (samples were
analyzed from only one beach at SLBE) found a lower frequency of
detection, where only 40% AlgOn samples contained bontE; only
one sample was quantifiable at 1.24 X 10° gene copies/g (dry
weight) (4,725 gene copies/ml of algal slurry). In our study, we
found lake hydrodynamics, natural wetlands, storm drains, river
outfalls, and barren lands influenced the occurrence of C. botuli-
num at the Great Lakes beaches.

The overall effect of lake hydrodynamics on C. botulinum oc-
currence in the Great Lakes beaches was clearly observed in this
study. Wind speed, depth-averaged water velocity, and wave
height may have a negative effect on the occurrence of bacteria in
algae. Deland, Brimley, and Hammond beaches had above average
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wave heights and wind speeds; Linwood, Deland, Hammond, and
Waukegan have higher depth-averaged water velocity than other
sites. All samples from these sites were nonquantifiable, and only a
low percentage of samples were above the LOD. In contrast,
Maumee Bay, SLBE, and Bay City all had low wave heights and
greater bontE detection frequency.

The effect of wind direction, lake currents, and beach orienta-
tion could explain the drastic difference in bontE detection at
close-by locations. Linwood and Bay City are two beaches located
only 8 km apart from one another. Linwood has a sheer bluff
shoreline with a higher wind speed and depth-averaged current
velocity, while Bay City has low waves, low current velocity, and an
embayed shoreline. This embayed beach orientation and the lake
hydrodynamics at Bay City may cause bontE to accumulate in
algae, muck, and sediment and result in higher bontE concentra-
tions in Bay City than in Linwood. The same conditions were
observed at the Hammond and Jeorse beaches, which may explain
the higher concentration of bontE at Jeorse than Hammond. In
addition, we found that wind plays a part in the distribution of
bontE at Bay City. Winds from both the northeast and southwest,
typical at Bay City, were associated with quantifiable results at Bay
City. The northeast wind could bring algae with bontE toward the
beach, and a southwest wind could cause rainfall runoff or river
effluent to bring C. botulinum to this area. Further intensive study
of the hydrodynamic processes of the Great Lakes is essential for
understanding the pathways that add bontE to the Great Lakes.

Natural wetlands may enhance the occurrence of C. botulinum.
Tobico Marsh is a bird sanctuary that ultimately drains over the
beach at Bay City (43). A study in Spain found that feces of water
birds contained C. botulinum types C and D, and wetlands provide
agood environment for type C and D proliferation (44). Bird fecal
matter of Tobico Marsh may contain C. botulinum type E, and it is
vital to conduct further studies to detect bontE in fecal matter and
potential delivery to Saginaw Bay. In this study, we found that
development within the beach catchment was greatest at beaches
with less quantifiable bontE detection in algae. Hammond is a
well-developed area with about 60% developed lands and only 2%
wetlands. The catchments surrounding Deland, Portage, and
Waukegan exhibit a similar pattern. Thus, undeveloped lands and
natural wetland may enrich C. botulinum proliferation, while
well-developed areas may not support the natural process of C.
botulinum prevalence and survival.

Further, storm drains, river outfalls, and barren lands also
may enrich C. botulinum occurrence. The Saginaw River (carry-
ing about 80% of the basin nutrient discharge) (45) and storm
drains, which have outfalls in the Bay City beach area, may also
play an important role in adding C. botulinum into this bay. In
addition, both the Jeorse and Portage beaches have river outfalls.
Our hypothesis is further supported by a study in Spain, which
found that wastewater treatment plant effluent was a good source
for types C and D and other avian pathogens (44). Other than Bay
City, Jeorse also has very high C. botulinum detections and con-
centrations. About 63% of this beach catchment area contains
barren lands. When beaches have a high percentage of nearby
barren lands, there is no barrier to prevent the entry of microor-
ganisms into beach water from runoff.

Variability of bontE detection in different matrices. In this
study, we observed a high frequency of detection of bontE in
AlgOn. Chun’s group in 2011 found comparable results: 74% (n
= 53) of the Cladophora samples were positive for bontE (10).
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Several other studies have also found that that algae support the
growth and survival of C. botulinum; algae may provide protection
from UV light and attachment surfaces. Algal exudates and thalli
may also be good sources of nutrients for bacterial growth and
survival (10, 23, 46). Further, decaying algae consume oxygen and
provide ideal anoxic conditions for this organism to grow (46),
since C. botulinum type E can grow in algal mats at 25°C (23).

Among the three matrices, the lowest concentration of bontE
was found in water, but the frequency of detection is high, which
suggests that bontE is well distributed in water. The bontE gene
could be delivered to water by river or overland runoff, which may
carry C. botulinum cells. Earlier studies have reported C. botuli-
num type E association with drainage and drainage basins (17, 25).
The findings from Jeorse support our hypothesis that stream and
storm water may carry C. botulinum cells, where bontE concentra-
tion in AlgOn was high during rain events and decreased following
rain events; at other sites, no storm event samples were collected to
identify such variability with rainfall.

Another possible way of adding bontE into water is that when
there are strong waves, submerged algal mats may break apart, and
C. botulinum attached to the mat may wash away and thus be
added to the water (21). A negative correlation found between
bontE in submerged algae and wave height supports this hypoth-
esis. Beaches with quantifiable bontE in algae had a lower average
wave height and lower current velocities than beaches without
quantifiable bontE. In addition, strong waves may stir up sediment
that contains C. botulinum and add those cells to water. However,
bacteria typically prefer to attach to sediment or plants that may
provide a suitable microenvironment for their growth and sur-
vival (47). Therefore, these organisms may eventually settle under
calm conditions to sediment or attach to algae and result in a low
concentration of bontE in water.

Detection of bontE in sediment showed site specificity. The
beaches with low wave heights and wind velocities showed high
levels of bontE detection in sediment. The wave heights at
Maumee Bay were below average, and we found a higher fre-
quency of detection, as well as higher concentrations of bontE in
sediment (SED and SOS), at Maumee Bay than at other sites.
Despite the high concentrations of bontE in sediments at Maumee
Bay, we found that water at this beach had the lowest detection
frequency compared to other sites. When the lake is calm, these
cells could settle into the sediment as at Maumee Bay. bontE de-
tected in SOS showed a positive correlation with wind speed, sug-
gesting that waves with strong wind bring the C. botulinum to
shore or cause it to release from algae to sediment.

Temporal variability of distribution of bontE. Studying the
temporal variability of C. botulinum will provide essential infor-
mation about the organism’s population dynamic, which will be
useful for interpreting bird mortality trends. Various environ-
mental or physicochemical conditions may govern the temporal
variability at these study sites. The bontE concentration in water
did not show considerable seasonal variability. At Bay City, high
bontE concentrations were found in early summer and late sum-
mer. Overall, the highest bontE concentrations were documented
in shoreline environments during July; Chun’s study in 2011 also
found high bontE concentrations in July (10). At Jeorse, high
bontE concentrations were associated with rainfall events, which
suggests that runoff water may carry bontE to the beaches or that
hydrological variables such as currents or waves associated with
storms may influence bontE delivery to the beach. A study with C.
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botulinum type C found that high pH (7.5 to 9.0), low redox po-
tential (—300 to —200), and warmer temperature (<30°C) in-
crease the risk of having type C outbreaks (29). In our study, we
also found that bontE in AlgOn has a positive correlation with
water temperature, salinity, and pH. A study conducted at Lake
Erie found that a higher temperature, anoxic conditions near sed-
iments, and a low redox potential favor C. botulinum type E
growth (19, 28).

Bay City, a case study. The highest concentration of bontE was
detected at Bay City, especially in algae. Interestingly, the Saginaw
Bay area experiences fewer bird deaths than SLBE despite high
bontE detection, suggesting that bird mortality may not be related
to toxin production that occurs on or near shore, that target bird
groups are usually not present in this area, and/or that toxin trans-
fer mechanisms (food webs) differ between these sites or that C.
botulinum concentrations are not high enough to produce toxin.
Kimura and others determined the lowest concentration of C.
botulinum required for effective toxin production using a combi-
nation of mouse bioassays and qPCR and found that a minimum
of 1.6 X 10° CFU/g corresponded to effective type E toxin pro-
duction (48). In our study, only a few samples from Bay City
AlgOn contained sufficient concentrations of bontE to theoreti-
cally indicate toxin production.

bontE detection in muck at Bay City had high correlations with
several essential growth factors such as phosphorus and total dis-
solved solids (TDS). Muck is porous and may trap phosphorus,
TDS, and other elements, which are needed for bacterial growth
and survival (48). A study conducted at Bay City identified the
possibility of regrowth of E. coli, Enterococcus, C. perfringens, and
coliphages in muck (45). Similarly, E. coli and enterococci have
been shown to grow in Cladophora extract or washings (20) and
rehydrated algal mats (21) under laboratory conditions. There-
fore, muck in Bay City may enhance the growth of C. botulinum,
but further studies are needed to prove this hypothesis.

Summary. We found that C. botulinum type E is ubiquitous,
but it has temporal, spatial, and matrix variability. Wind speed,
magnitude of depth-averaged water velocity, wave height, and
beach characteristics played an important role in the distribution
variability of C. botulinum at different sites and matrices in the
Great Lakes. Algae provide better microenvironmental condi-
tions, such as nutrients, anoxic conditions, and protection from
UV light, for the prevalence of C. botulinum than do sediment and
water. Further, terrestrial sources may significantly contribute C.
botulinum type E population to the Great Lakes beaches. The re-
sults of this 1-year study provide insight for the future direction of
C. botulinum studies. It is vital to conduct continuous studies for
at least for 3 years in order to assess botulinum variability under
different climatic and environmental conditions, the terrestrial
input of C. botulinum, and its association with storm runoff, on-
shore and offshore linkage, and lake hydrodynamics. Finally, C.
botulinum has a complex distribution pattern, and various physi-
cal, chemical, and environmental conditions influence its preva-
lence. Further, greater awareness of C. botulinum survival, sporu-
lation, and vegetative cell production in different environmental
matrices will elucidate this organism’s complex distribution pat-
tern in the environment.
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