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ABSTRACT: Summer blooms of Microcystis now occur every year in Lake Erie with varying con-
centration, duration, and spatial extent. The recording-breaking bloom of 2011 began in the west-
ern corner of the lake during early summer, and reached its peak in late summer covering
2968 km?. Start and peak blooms were offset by 3 mo and separated by 120 km, raising the ques-
tion: Is Microcystis transported across the lake or do separate blooms arise from separate source
populations? This study addressed this question by measuring the genetic diversity of Microcystis
across the lake and throughout the summer. Seven sites separated by about 100 km were sampled
monthly during the summer of 2011 for genetic analysis of the Microcystis population. Further-
more, 2 major rivers (Maumee and Sandusky) and lake sediments were sampled and collected
prior to bloom formation to investigate source populations. Denaturing gradient gel electrophore-
sis was used to generate Microcystis-specific molecular fingerprints of the 16S-23S rRNA internal
transcribed spacer region. Dendrograms and principal component analysis were used to investi-
gate similarity among samples. Fingerprints of lake water samples were more similar to the sedi-
ments than tributaries, indicating the sediments were a more likely bloom source. All lakes sam-
ples collected were >50% similar with several universal bands, indicating Microcystis was
transported west to east by water currents and that the beginning and peak blooms were not iso-
lated. This information characterizes the origin and movement of this massive and problematic
bloom, and can be used to inform management practices aimed at preventing blooms in Lake Erie.
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INTRODUCTION

Cyanobacterial blooms have the potential to pro-
duce toxic compounds that can harm humans and
wildlife, alter aquatic ecosystems, and negatively im-
pact local economies (Huisman et al. 2005, Dodds et
al. 2009). Human activities and global climate change
have resulted in conditions that favor cyanobacterial
blooms that occur worldwide (Paerl & Scott 2010). For
example, excessive nutrients originating from agri-

*Corresponding author: chaffin.46@osu.edu

cultural runoff and poor sewage treatment can in-
crease nutrient concentrations in aquatic systems, re-
sulting in conditions that favor the rapid growth of
Cyanobacteria (Downing et al. 2001). While nutrient
abatement programs have been proposed to limit and
prevent cyanobacterial blooms (Paterson et al. 2011,
Scott & McCarthy 2011), such programs might benefit
substantially from understanding the geographic ori-
gin of the inoculum of Cyanobacteria and how blooms
are transported within a lake, especially large lakes.
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Lake Erie is the 11th largest lake on Earth (surface
area) (Herdendorf 1982), and the toxic cyanobacter-
ium Microcystis spp. is widespread in the lake (Ouel-
lette et al. 2006). Microcystis blooms (>10° cells ml™!
at the surface) occur in the western basin primarily
during summer months, when high nutrient concen-
trations and favorable light conditions create an ideal
environment for bloom development (Wilhelm et al.
2003, Conroy et al. 2005, Moorhead et al. 2008, Chaf-
fin et al. 2011, 2012). Since the early 2000s, Microcys-
tis blooms have occurred annually in Lake Erie, with
large variations in bloom density and spatial distribu-
tion (Stumpf et al. 2012, Bridgeman et al. 2013). For
example, in years featuring relatively high nutrient
loading from the Maumee River (Joosse & Baker
2011), Microcystis blooms can extend eastward into
the center of the lake (Stumpf et al. 2012) covering
nearly 3000 km?,

All phytoplankton require an inoculum to begin
each new growing season, which is most often main-
tained either by the survival of a low number of
propagules in the water column throughout the year,
or by the production of resting spores that over-win-
ter on the lake sediments (Reynolds 2006). It follows
that Microcystis from previous blooms over-winters
on the surface of the lake sediments, and once appro-
priate bloom conditions arise, is available to inocu-
late the water column, facilitating the next bloom
(Preston et al. 1980). Tributaries can also contribute
Microcystis to lakes. The Maumee River is a likely
source of Cyanobacteria to Lake Erie, as high Cyano-
bacteria densities are frequently observed through-
out the river, especially during the summer months
(Conroy et al. 2014). Despite eutrophic conditions,
the river waters are frequently turbid, limiting sun-
light penetration, and subsequently, the likelihood
that blooms will occur in the river. These factors pro-
vide support to the ‘algal loading hypothesis’, which
states that tributary phytoplankton are nutrient-
replete but light-limited, and once the phytoplankton
are loaded into the clear waters of the lake, they take
advantage of the more-favorable light climate (Con-
roy et al. 2008).

Wind and water currents can impact phytoplank-
ton distribution in lakes. Water currents in Lake Erie
are driven by tributaries that enter the lake in the
western basin, and exit the lake through the eastern-
most distributaries (Beletsky et al. 2013). Currents
and winds impacting large lakes are known to trans-
port Microcystis blooms away from their original
locations (Hutchinson & Webster 1994, Ishikawa et
al. 2002). Furthermore, modeling efforts have shown
that the prevailing currents in Lake Erie move from

west to east (Beletsky et al. 2013) and would support
the movement of source materials and subsequent
blooms from the western basin toward the central
and eastern basins.

In Spring 2011, high rainfall and phosphorus load-
ing (Stumpf et al. 2012) followed by calm waters dur-
ing early summer (Michalak et al. 2013) facilitated a
cyanobacterial bloom in Lake Erie of unprecedented
density and spatial coverage, which was confirmed
to be Microcystis. Satellite imagery suggested that 2
separate blooms occurred (Michalak et al. 2013), the
first occurring during July and August in the western
basin, and the second in October in the central basin.
Yet to be determined, however, is whether the July
and August bloom spread throughout the lake and
provided a source of Microcystis for the October
bloom. Lake Erie water masses generally move from
west to east (Swayne et al. 2005); therefore, it is pos-
sible that Microcystis transported by currents could
have served as a source of inoculum for the October
bloom. Alternatively, the October bloom could have
developed independently of the July and August
bloom, fed by a unique source of inoculum. This is a
logical assertion, as differing environmental condi-
tions define the western and central basins, and can
select for distinct Microcystis species. For example,
dissolved nutrient concentrations in the central basin
are generally lower than those in the western basin
(Conroy et al. 2007, Chaffin et al. 2013), and different
strains of Microcystis could be adapted to the differ-
ent nutrient concentrations of each basin (Davis et al.
2009).

Determining the origin of inoculum of the annual
algal blooms can facilitate the development of man-
agement practices that limit bloom frequency and
intensity. Denaturing gradient gel electrophoresis
(DGGE) analysis is a genetic fingerprinting tool used
to describe the structure of microbial communities
(Muyzer 1999). Because DGGE analysis features
greater resolution than culture-based methods of
community analysis (Temmerman et al. 2003), it can
be used to provide a descriptive fingerprint of a
mixed microbial assemblage, including assemblages
of Microcystis. If the genetic signatures of Microcys-
tis occurring in different parts of the lake are distinct,
then it can be assumed that the blooms originated
locally, especially if the Microcystis was genetically
similar to the local source population in sediments or
nearby tributaries. Conversely, if blooms featured sim-
ilar signatures, and if the signatures were different
from the potential local sources, then the possibility
of locally distinct sources could be ruled out. Because
understanding the dynamics of cyanobacterial blooms
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can allow for management efforts focused on the
source(s) of the bloom, the goals of this study were to
use genetic fingerprinting (1) to test the hypothesis
that the 2011 Microcystis bloom was a single bloom
that spread throughout the lake or, alternatively,
multiple blooms, and (2) to determine the geographic
origin(s) of the Microcystis.

MATERIALS AND METHODS
Sample collection

Water and sediment samples were collected from 7
lake locations (Fig. 1). One location in each of the
Maumee and Sandusky rivers was also sampled.
Sediments were collected on 8 June 2011 from 5 of

1 1 1 1 1 1 1 1

the sites (MBay, WBy, WBg, SBay, and SSBy, Fig. 1)
prior to bloom formation to determine whether the
lake bottom was a source of cyanobacteria for the
blooms. Surface sediments (top 2 cm) were collected
in triplicate (to ensure sufficient sediment was col-
lected) using a ponar dredge and pooled into sterile,
50 ml tubes and then placed on ice. The dredge was
disinfected before each new location was sampled by
first scrubbing with phosphate-free detergent, and
then by submersion in 0.33 % bleach solution for at
least 20 min, then sodium thiosulfate for 5 min, and
finally, deionized water. Upon arrival at the labora-
tory, sediment samples were stored at —80°C until
further analysis.

The 7 bay and lake sites were sampled monthly in
July, August, and September. Because of the distance
between sites, all sites could not be sampled on the

same day, but were always sampled

42;130' T o N - within 2 d of each other. In general, the
A Cdvada st Oair easterly sites were sampled earlier in
42°20" ]+ = " " F  each monthly sampling campaign,
A &£ 4 = . .
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42°10' 7 nited Stafes 4‘ Canada - later. Sites SSBg and CB were sampled
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. cystis enumeration (see next section).
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Fig. 1. Sample locations in Lake Erie and 2 major tributaries. See Table 1 for
site abbreviations

were a source of Microcystis for the
blooms, the Maumee and Sandusky

Table 1. Sample locations with site depth and sample depth of water collected. Notation for site abbreviations is as follows: M =
Maumee, WB = western basin, S = Sandusky, SSB = Sandusky sub-basin, R = River, CB = central basin. Subscripts: W = west,
E = east. CB was only sampled once on 10 October. Only sediment samples were collected on 8 June

Site Latitude (° N) Longitude (° W) Depth (m) Sample depth (m) Dates sampled

MR 41.56020 83.64260 1.3 0-0.25 23 Jun, 11 Jul, 4 Aug, 6 Sep
MBay 41.74250 83.40090 2.3 0-2 8 Jun, 22 Jul, 12 Aug, 14 Sep
WBw 41.78890 83.35630 5.8 0-5 8 Jun, 22 Jul, 12 Aug, 14 Sep
WBEg 41.63918 82.88988 8.5 0-7 8 Jun, 20 Jul, 11 Aug, 12 Sep
SR 41.33440 83.11570 1.3 0-0.25 23 Jun, 11 Jul, 4 Aug, 6 Sep
SBay 41.47590 82.76404 2.7 0-2 8 Jun, 20 Jul, 11 Aug, 12 Sep
SSBw 41.50828 82.58571 13.1 0-8 8 Jun, 20 Jul, 11 Aug, 12 Sep
SSBg 41.48500 82.35920 12.7 0-8 20 Jul, 11 Aug, 12 Sep, 10 Oct
CB 41.56037 82.12592 13.9 0-8 10 Oct
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rivers (sites MR and SR, respectively) were sampled
approximately 1 wk prior to the lake sampling during
each month. Water samples collected from the tribu-
taries were processed identically to those collected
from the lake.

Upon arrival at the laboratory, between 250 and
750 ml of sample water was filtered through 0.45 pm
pore diameter polyvinylidene fluoride (PVDF) mem-
branes for DGGE analysis. The volume filtered was
dependent on the amount of Cyanobacteria and/or
suspended sediments in the sample, and samples
with higher amounts of Cyanobacteria required less
volume. Filters were stored at —80°C in sterile tubes
until analysis.

Microcystis enumeration

The plankton biomass in the fixed water samples
(300 ml) was concentrated to between 7 and 30 ml by
allowing phytoplankton to settle to the bottom in a
500 ml graduated cylinder for at least 48 h. Each con-
centrated sample was transferred to a 30 ml amber
glass vial. A 1 ml subsample of the concentrated sam-
ple was pipetted onto a gridded, Sedgewick-Rafter
counting chamber and viewed at 200x magnification.
Cells of Microcystis in colonies were enumerated
using the relationship between colony diameter and
numbers of cells (Watzin et al. 2006) and Spot Ad-
vanced software was used for the measurements, as
in Davis et al. (2012). At least 50 Microcystis colonies
were measured until a constant average was ob-
tained, and all colonies in the 1 ml subsample were
counted.

Molecular methods

DNA was extracted from the PVDF filters and sed-
iments (10 g) using the MoBio Power Water kit
(#14900, MoBio Laboratories) and MoBio PowerMax
Soil DNA kit (#12988), respectively, and stored at
—20°C. PCR amplification of the 16S-23S rRNA inter-
nal transcribed spacer (ITS) region was performed
using Cyanobacteria-specific primers, including 16S
rRNA-CSI-F (5'-G(T/C)C ACG CCC GAA GTC
(G/A)TT AC-3') and 23S rRNA-UL-R (5'-CCT CTG
TGT GCC TAG GTA TC-3') (Janse et al. 2003). PCR
was performed in a 50 pl reaction volume containing
1 1l of DNA, 0.02 U ™! Taqg DNA polymerase, 0.2 ptM
of each primer, 200 pM of each dNTP, 0.5 mg ml™" of
bovine serum albumin, and 2.5 mM MgCl,. PCR
products were separated on a 2% agarose gel con-

taining 0.5 pg ml~! ethidium bromide and were visu-
alized, photographed with a Kodak Gel Logic 200
imaging system, and analyzed with Kodak one-
dimensional image analysis software. The band con-
taining Microcystis PCR products (550 bp; Janse et
al. 2003) was excised and purified using the Promega
PCR Clean-Up System. The purified DNA was ream-
plified, as described above, and the diagnostic Micro-
cystis DNA band was excised, purified, and ream-
plifed to verify that the PCR product was the 550 bp
Microcystis band. For the final amplification, a 40 bp
GC clamp was added to the 3' end of the forward
primer (Muyzer et al. 1993) to facilitate separation of
the Microcystis-specific PCR products during DGGE
analysis.

DGGE analysis was performed according to the
method of Janse et al. (2003) using an 8 % polyacryl-
amide gel (1.0 mm thick) containing a denaturing
gradient of 30 to 40 % (7 M urea and 40 % formamide
represents 100% denaturant concentration). PCR
products generated from the sample collected from
SSBy, in August were used as a DGGE marker
because following DGGE, the fingerprint contained
10 bands that spanned the lane, allowing for lane-to-
lane comparisons of the fingerprints. The marker was
loaded such that no more than 4 fingerprint lanes
separated each marker lane. Electrophoresis was
performed at 60 volts for 16 h at 60°C in a DCODE
Universal Mutation Detection system (Bio-Rad Labo-
ratories) containing 1x Tris-acetate-EDTA (TAE)
buffer. Following electrophoresis, gels were stained
for 15 min with 50 ml of a GelStar nucleic acid stain
(diluted 1:10000 in 1x TAE) and visualized as de-
scribed above. To confirm that bands detected using
DGGE originated from Microcystis DNA, cores from
11 bands were excised from the gel, and DNA was
eluted from each following incubation overnight in
1 ml of 1.0 M Tris-HCI at 4°C. Fifty microliters of the
eluted DNA was PCR amplified and visualized, as
described above. All excised bands were 550 bp.

Image analysis

All DGGE fingerprint images were analyzed using
GelCompar II software (version 4.5, Applied Maths)
for pairwise comparisons of fingerprint similarity. Nor-
malization was performed using the DGGE marker as
an external reference. Similar bands that occurred in
more than half of the samples were used as internal
references. Bands with a minimum profiling of 5%
were considered. Each band was considered to be an
operational taxonomic unit (OTU). The Dice index
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(Dice 1945) was used to calculate similarity matrices.
Cluster analysis was performed on the resulting sim-
ilarity matrix using the unweighted pair group
method with arithmetic means algorithm, resulting in
dendrograms that graphically displayed relation-
ships between Microcystis community fingerprints
(McLellan et al. 2003). The integrity of the dendro-
gram organization (branching and structure of the
resulting clusters) was validated by the calculation of
cophenetic correlation coefficients with GelComparll
software, which were always >0.85 (maximum is 1.0).
Separate dendrograms were generated to determine
the similarity of region-specific Microcystis assem-
blages (Maumee and western basin, and Sandusky
and sub-basin) to investigate source-sink relation-
ships among river, lake bottom sediments, and the
lake. In general, it is risky to compare different
DGGE gels according this method, as it is prone to
induce errors due to difficulties of aligning all the
DGGE bands across gels. Therefore, from each gel
we selected the DGGE bands for which we were fully
confident of their Microcystis identity and knew their
alignment behavior across gels, and created from this
selection a database (absence, presence, and inten-
sity of bands) that was subjected to a principal com-
ponent analysis (PCA). In this way, we were able to
determine relationships among Microcystis OTU
composition across all samples. PCA was conducted
using the factor dimension reduction tool in SPSS
version 21 (version 21.0, IBM).

RESULTS

Microcystis aeruginosa was the dominant cyano-
bacterium in all lake sites except for site Sandusky
Bay (SBay), which was dominated by the filamentous
cyanobacterium Planktothrix agardhii (Fig. 2). Other
species of Microcystis were observed, but their densi-
ties were <5% that of M. aeruginosa. The species
were not differentiated by the molecular methods and
are collectively referred to hereafter as Microcystis.
The July Microcystis bloom began in Maumee Bay
(MBay) and exhibited 23000 cells ml™! (integrated
throughout the water column), and peaked in the
western basin (WB) during August with cell densities
exceeding 60 000 m1~! (Fig. 2). Surface scum (top 10 cm)
cell densities exceeded 10° cells ml™! during peak
bloom. Higher Microcystis densities were present in
the Sandusky sub-basin (SSB) sites during September
than in August, and the greatest cell densities for site
SBBg was recorded during October. The central basin
(CB) site was sampled only during October and exhib-

ited half the Microcystis cell density of SSBg. Micro-
cystis was not present in tributary samples.

DGGE analysis showed that most water samples
produced fingerprints containing between 5 and 8
bands (Figs. 3 & 4). Three Microcystis phylotypes
(bands #2, #4, and #5) were present in all samples
that exhibited the high Microcystis cell densities
(Fig. 2), suggesting that although the blooms were
separated in space and time, they were linked by
universal Microcystis phylotypes. Additionally, clus-
ter analysis of the similarity matrix showed that the
Microcystis assemblages from both western and
eastern sites exhibited increased similarity during
common blooms. For example, while the overall
Microcystis assemblage similarity at all sites shared
43 % similarity, assemblages sampled during blooms
in July, August, and September were 62, 68 and 72 %
similar, respectively.

Cluster analysis of Microcystis in western Lake
Erie (Fig. 4A) showed no clear relationship between
assemblages in the Maumee River and those in
Maumee Bay and the western basin. For example,
Microcystis collected from the Maumee River in July
and September was 36 % similar to the Microcystis in
all other samples. However, temporal relationships
between the assemblages in Maumee Bay (MBay)
and the western basin (WBg) suggested that blooms
in those locations were related, as bay and basin
Microcystis assemblages were at least 70 % similar
during July, August, and September.
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Fig. 2. Microcystis cell density in samples collected during
summer 2011 in Lake Erie. Only sites SBBg and CB were
sampled in October. Microcystis cell density quantification
was based on water sampled throughout the water column,
whereas surface-only samples would have given cell densi-
ties 10 to 100 times higher. See Table 1 for site abbreviations
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Site Month
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WBy  Aug
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CB Oct
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Fig. 3. (A) Dendrogram of peak Microcystis cell density samples shows high similarity throughout summer 2011. Dice index

(Dice 1945) was used to calculate similarity. Numbers on the DGGE gel correspond to excised bands. (B) Agarose gel (2 %) of

PCR products from the excised bands verified that excised bands were 550 bp, which corresponds to Microcystis (Janse et al.

2004). PCR amplification was conducted using the 40 bp GC clamp, so the products appear to be 590 bp. See Table 1 for site
abbreviations

Microcystis assemblages in the Sandusky sites ex-
hibited a source-sink relationship, as the Sandusky
River assemblages served as a source for the San-
dusky Bay (SBay) sites. Specifically, cluster analysis
showed that Microcystis assemblages in the San-
dusky River were ~70 % similar to those in Sandusky
Bay and one of the westernmost Sandusky sub-basin
sites. A second cluster of Sandusky Microcystis as-
semblage fingerprints included the sediment sam-
ples, 2 Sandusky sub-basin sites (August and Sep-
tember), the westernmost western basin (August),
and the Sandusky Bay (September) sites, but illus-
trated no clear relationship between the sites (30%
overall similarity).

The PCA of Microcystis OTUs analyzed together
supported the cluster analysis (Fig. 5). Samples con-
taining high Microcystis cell densities exhibited
genetically similar Microcystis assemblages (such as,
July, August, and September MBay, WByy,, and WBg,
and August, September, and October SBBy,, SBBg,

and CB), whereas samples containing low Microcys-
tis cell densities (such as all MR, SR, and SBay, and
July SSBg) did not group with other samples. Further-
more, Microcystis assemblages in sediments col-
lected before bloom formation from sites MB, WBy,
and WBg grouped with the in-lake samples that had
high Microcystis cell densities. The Kaiser-Meyer-
Olkin measure of sampling adequacy was 0.625 and
the 2 components shown in Fig. 5 explained 39 % of
the total variation.

DISCUSSION

Our Microcystis cell density data concur with the
2011 time series satellite images shown by Michalak
et al. (2013), indicating the occurrence of a bloom in
the western basin in July and August, and then in the
central basin during October. The highest Microcys-
tis cell density measurements in the western basin



Author copy

Chaffin et al.: Connecting Lake Erie Microcystis blooms 35

Maumee Similarity (%)

A 30 40 S0 80 70 80 %0 100
[
B Sandusky Similarity (%)

20 30 40 S0 60 70 80 S0 100

—]

e

4 5 2 Site Month
- WByy Sed Jun
—b WBE Sed  Jun
MBay Sed Jun
MBay Jul
WBe Jul
MBay Sep
WBE Sep
MBay Aug
WBe Aug
MR Aug
MR Sep
MR Jul
4 52 Site Month

SBay Sed Jun
SSBy, Sed  Jun

SSBy Aug
SSBy Sep
WBy Aug
SBay Sep
SBay Jul

SBay Aug
SSByy Jul

SR Aug
SR Sep
SR Jul

Fig. 4. (A) Dendrogram of the Maumee River—western basin system shows greater similarity between sediment and bloom

samples than river and bloom samples. (B) Dendrogram of the Sandusky River—sub-basin system shows 2 main clusters of sub-

basin and western basin samples and the river and bay samples. Numbers indicate position of bands shared by most samples
from Fig. 3. Note the difference in similarity scale. See Table 1 for site abbreviations

sites occurred in August, whereas the highest cell
densities in the Sandusky sub-basin occurred in Sep-
tember and in the central basin in October. Collec-
tion of the microbial biomass that was present during
the 2 blooms followed by genetic fingerprinting of
the Microcystis assemblages allowed us to test the
hypothesis that a source-sink relationship existed
between the 2 tributaries (the Maumee and San-
dusky rivers; sources) and the sinks (the western and
central basins). PCR-DGGE analysis of the 16S5-23S
rRNA ITS region of most axenic Microcystis cultures
will yield 1 band in the fingerprint (Janse et al. 2004).

However, our analyses resulted in fingerprints for
each site that exhibited complex patterns of multiple
bands, suggesting that Microcystis blooms in Lake
Erie comprise a mixture of Microcystis strains. Sam-
ples collected during peak Microcystis cell densities
revealed collective similarity among assemblages.
The combination of cell density data and DGGE
analyses of samples collected during peak bloom
periods supports the hypothesis that the bloom com-
prised multiple, genetically similar strains of Micro-
cystis, and was not the result of discrete assem-
blages. The bloom that occurred in the central basin
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Fig. 5. Principal component analysis of the selected Microcystis DGGE bands observed in different DGGE gels (see ‘Materials

and methods'). This analysis showed greater similarity of sediment and in-lake samples than river and in-lake samples, and

that peak Microcystis bloom samples were very similar to each other. The 2 components explained 39 % of the total variation.

The symbols on the plot indicate the month and sample location; for example, 'J.SB' is the July sample collected from Sandusky

Bay. (A) All of the samples collected and (B) the area outlined in the gray box in panel A rescaled to allow identification of
closely related samples. See Table 1 for site abbreviations

(October) was tracked to the Sandusky sub-basin
in September and to the western basin (including
Maumee Bay) in August.

Wind and water currents play an important role in
determining phytoplankton distribution in lakes. For
example, lake sites that would normally not support
bloom development can often be impacted by blooms
because currents can move the bloom throughout the
lake (Ishikawa et al. 2002). Winds can also transport
Microcystis blooms, which results in the accumula-
tion of biomass at downwind lake sites (Hutchinson &
Webster 1994). In Lake Erie, the general water cur-
rents are west to east and driven by river inflow in
the western basin and outflow in the eastern basin
(Beletsky et al. 2013). Therefore, water current mod-
els of Lake Erie (Beletsky et al. 2013) and our data
together support the hypothesis that the Microcystis
bloom of 2011 that developed in the western basin
spread eastward throughout summer and ultimately
impacted the central basin. Follow-up studies that
include more frequent molecular analysis combined
with time-series satellite imagery (as Wynne et al.
2010 did for the 2008 bloom) would provide deeper
insights into how a Microcystis bloom is transported
across Lake Erie.

Lakebed sediments in Maumee Bay are known to
contain historically high densities of Microcystis, and
have been implicated as a source of Microcystis for
prior blooms (Gruden 2010). Further evidence sup-
porting the role of sediments as a source of inoculum

for Microcystis blooms in Lake Erie is provided by
Rinta-Kanto et al. (2009) who found that Microcystis
could be cultured from lakebed sediments sampled
1 mo prior to a bloom event, while sequences of mcyA
(necessary for microcystin production) sampled from
the same lake sediments were similar to those sam-
pled from the water column during the bloom. In the
current study, the Microcystis assemblages sampled
from lakebed sediments (June) in the western basin
were most similar to the assemblages sampled dur-
ing the first (July) bloom event, suggesting that the
sediments provided source Microcystis for the bloom.
Conversely, the Maumee River was not a major con-
tributor of Microcystis to the bloom events, as Micro-
cystis assemblages sampled from the river in July
and September exhibited low similarity (38 %) to any
other assemblages. The absent or minor role of the
Maumee River as a Microcystis source has been ob-
served previously, as Kutovaya et al. (2012) showed
that mcyA gene sequences collected from the Mau-
mee River were associated not with Microcystis, but
rather with Planktothrix. It should be noted that the
Microcystis assemblage in the river in August exhib-
ited increased similarity (50 %) to assemblages from
Maumee Bay and the western basin, suggesting a
role as a Microcystis source. However, because the
bloom was already widespread in the lake at the time
of the August river sampling, the similarity between
the lake and river samples is a likely indicator of
reverse flow of the lake into the river. Backflow
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events can occur when prolonged northeasterly winds
create temporary reverse-flow conditions in the lower
Maumee River (Herdendorf 1990).

Microcystis assemblages in the Sandusky River ex-
hibited limited genetic similarity to those in outlying
lake sites (Sandusky sub-basin and western basin).
Conversely, Microcystis assemblages from the river
exhibited similarity to samples from Sandusky Bay.
Taken together, the results indicate that the Sandusky
River is a potential source of Microcystis to Sandusky
Bay, but not likely to the greater lake. Although our
results indicate similarity between the Microcystis as-
semblages in the Sandusky River and Sandusky Bay,
the relevance of this relationship with regard to pro-
viding source Microcystis for a bloom event must be
interpreted with caution, as Microcystis represents a
minor proportion of the total phytoplankton popula-
tion in Sandusky Bay (Conroy et al. 2007). Lugol's
samples indicated high amounts of the filamentous
cyanobacterium Planktothrix agardhii, which domi-
nates the Sandusky Bay due to the shallow, turbid,
and well-mixed conditions that favor filamentous
Cyanobacteria over colonial Cyanobacteria (like Mi-
crocystis) and eukaryotic algae (Scheffer 1998).

The Maumee and Sandusky rivers are 2 major trib-
utaries for Lake Erie, but did not contribute detect-
able Microcystis to the bloom. Samples collected dur-
ing previous years to investigate the relationship
between the rivers and bloom events also indicated
that the Maumee River did not play a role in con-
tributing Microcystis to blooms (Kutovaya et al. 2012).
However, while the role of the rivers to the bloom
formation was minimal with regard to Microcystis
contribution, the rivers have been shown to impact
cyanobacterial bloom ecology through other mecha-
nisms. For example, the Maumee and Sandusky
rivers drain watersheds that feature high-intensity
agriculture (Han et al. 2011) and contribute high con-
centrations of phosphorus to the lake that support
cyanobacterial growth (Baker & Richards 2002). Local
field soils exhibit high clay content, which typically
increases the availability of preferential flow path-
ways (cracks and fissures) during the dry conditions
typical during summer. These features aid in the
rapid transport of materials through the soil profile
during the initial stages of soil rewetting (Jamieson et
al. 2002), increasing the likelihood that nutrients will
leach through the profile. Conversely, during wet
conditions, the clay will swell, constricting the flow
pathways, resulting in decreased water (and nutri-
ent) percolation and increased overland runoff, cre-
ating chemical conditions in the nearshore zones that
favor Microcystis growth (Chaffin et al. 2011).

Genetic fingerprinting methods, such as DGGE
analysis, can overcome the limitations of enumeration
analyses by effectively characterizing the structure of
microbial communities (Muyzer 1999, Temmerman et
al. 2003), including cyanobacterial assemblages (Sigler
et al. 2003). While Microcystis-specific primers do not
exist for the 165-23S rRNA ITS region, we are confi-
dent that the PCR products that we subjected to
DGGE analysis represented Microcystis DNA. The
PCR products that we used in our analyses were all
550 bp in size, which is a unique, diagnostic size for
the Microcystis ITS region (vs. other Cyanobacteria)
(Janse et al. 2003). Additionally, we excised the PCR
product from the agarose screening gel, purified, and
re-amplified it twice (confirming the size) before per-
forming DGGE analysis. Finally, following DGGE
analysis, several bands were excised, purified, and
amplified to confirm the correct fragment size (Fig. 3).
Hence, we are confident that our analysis was spe-
cific to Microcystis. Despite evidence that single
DGGE bands can represent >1 phylotype (Felske et
al. 1999), we maintain that the majority of DGGE
bands in our analyses represent a unique Microcystis
strain; 76 % of Microcystis colonies isolated from
European lakes resulted in a uniquely positioned,
single band following DGGE analysis (Janse et al.
2004).

In conclusion, the 2011 Microcystis bloom in Lake
Erie originated in Maumee Bay and the western
basin in July and August, spread eastward to the
Sandusky sub-basin in September, and reached the
central basin in October. DGGE analysis indicated
that the Microcystis assemblages were contiguous,
as demonstrated by several persistent and universal
Microcystis phylotypes. Although the composition of
the bloom was highly dynamic with phylotypes ap-
pearing and disappearing throughout the lake and
over time, high genetic similarity among the Micro-
cystis populations was maintained in the lake, likely
a result of source Microcystis originating in lake sed-
iments, and not major tributaries. Therefore, it fol-
lows that those management actions that limit Micro-
cystis proliferation in the western basin of Lake Erie
might limit those that occur in the Sandusky sub-
basin and central basin.

Acknowledgements. We are grateful for field and lab assis-
tance during this project from Sarah Panek, Peter Bichier,
Courtney Mobilan, Tyler Lawson, Matt Thomas, and Hilary
Nightingale. Samples collected on 21 July and 10 October
were made possible by Bob Hanko and Mike Chaffin from
Cranberry Creek Marina (Huron, Ohio). Samples collected
on 11 August and 12 September were aboard Ohio State
University Stone Laboratory R/V ‘Erie Monitor' by the Ohio



Author copy

38 Aquat Microb Ecol 73: 29-39, 2014

Sea Grant College Program, Project R/ER-072, under award
NAO60OAR4170020 from the National Sea Grant College
Program, National Oceanic and Atmospheric Administra-
tion. Molecular work in this project was funded in part
through the Lake Erie Protection Fund small grant program
award #SG 406-11. Additional support was provided by the
National Science Foundation under Grant No. 1313897 and
1039043. Additional support for J.D.C. was provided by a
teaching fellowship from National Science Foundation
Grant #NSF DGE-0742395 to the University of Toledo's Lake
Erie Center. We thank 2 anonymous reviewers who helped
improve this manuscript.

LITERATURE CITED

Baker DB, Richards RP (2002) Phosphorus budgets and
riverine phosphorus export in northwestern Ohio water-
sheds. J Environ Qual 31:96-108

Beletsky D, Hawley N, Rao YR (2013) Modeling summer cir-
culation and thermal structure of Lake Erie. J Geophys
Res Oceans 118:6238-6252

Bridgeman TB, Chaffin JD, Filbrun JE (2013) A novel
method for tracking western Lake Erie Microcystis
blooms, 2002-2011. J Gt Lakes Res 39:83-89

Chaffin JD, Bridgeman TB, Heckathorn SA, Mishra S (2011)
Assessment of Microcystis growth rate potential and
nutrient status across a trophic gradient in western Lake
Erie. J Gt Lakes Res 37:92-100

Chaffin JD, Bridgeman TB, Heckathorn SA, Krause AE
(2012) Role of suspended sediments and mixing in reduc-
ing photoinhibition in the bloom-forming cyanobacter-
ium Microcystis. J Water Res Protect 04:1029-1041

Chaffin JD, Bridgeman TB, Bade DL (2013) Nitrogen con-
strains the growth of late summer cyanobacterial blooms
in Lake Erie. Adv Microbiol 3:16-26

Conroy JD, Kane DD, Dolan DM, Edwards WJ, Charlton
MN, Culver DA (2005) Temporal trends in Lake Erie
plankton biomass: roles of external phosphorus loading
and dreissenid mussels. J Gt Lakes Res 31:89-110

Conroy JD, Quinlan EL, Kane DD, Culver DA (2007) Cylin-
drospermopsis in Lake Erie: testing its association with
other cyanobacterial genera and major limnological
parameters. J Gt Lakes Res 33:519-535

Conroy JD, Kane DD, Culver DA (2008) Declining Lake
Erie ecosystem health: evidence from a multi-year,
lake-wide, plankton study. In: Munawar M, Heath R
(eds) Checking the pulse of Lake Erie. Ecovision World
Monograph Series. Schweizerbart Science Publishers,
Stuttgart

Conroy JD, Kane DD, Briland RD, Culver DA (2014) Sys-
temic, early-season Microcystis blooms in western Lake
Erie and two of its major agricultural tributaries (Mau-
mee and Sandusky rivers). J Gt Lakes Res, do0i:10.1016/
j.jglr.2014.04.015

[] Davis TW, Berry DL, Boyer GL, Gobler CJ (2009) The effects

of temperature and nutrients on the growth and dynam-
ics of toxic and non-toxic strains of Microcystis during
cyanobacteria blooms. Harmful Algae 8:715-725

[] Davis TW, Koch F, Marcoval MA, Wilhelm SW, Gobler CJ

(2012) Mesozooplankton and microzooplankton grazing
during cyanobacterial blooms in the western basin of
Lake Erie. Harmful Algae 15:26-35

[] Dice LR (1945) Measures of the amount of ecologic associa-

tion between species. Ecology 26:297-302

Dodds WK, Bouska WW, Eitzmann JL, Pilger TJ and others
(2009) Eutrophication of US freshwaters: analysis of
potential economic damages. Environ Sci Technol 43:
12-19

Downing JA, Watson SB, McCauley E (2001) Predicting
cyanobacteria dominance in lakes. Can J Fish Aquat Sci
58:1905-1908

Felske A, Wolterink A, van Lis R, de Vos WM, Akkermans
ADL (1999) Searching for predominant soil bacteria: 16S
rDNA cloning versus strain cultivation. FEMS Microbiol
Ecol 30:137-145

Gruden C (2010) Sediment contribution to Lake Erie algal
blooms. Report to Lake Erie Protection Fund. Ohio Lake
Erie Commission, Sandusky, OH

Han H, Bosch N, Allan JD (2011) Spatial and temporal vari-
ation in phosphorus budgets for 24 watersheds in the
Lake Erie and Lake Michigan basins. Biogeochemistry
102:45-58

Herdendorf CE (1982) Large lakes of the world. J Gt Lakes
Res 8:379-412

Herdendorf CE (1990) Great Lakes estuaries. Estuaries 13:
493-503

Huisman J, Matthijs HCP, Visser PM (2005) Harmful cyano-
bacteria. Kluwer Academic Publishers, Dordrecht

Hutchinson PA, Webster IT (1994) On the distribution of
blue-green algae in lakes: wind-tunnel take experiments.
Limnol Oceanogr 39:374-382

Ishikawa K, Kumagai M, Vincent WF, Tsujimura S, Naka-
hara H (2002) Transport and accumulation of bloom-
forming cyanobacteria in a large, mid-latitude lake: the
gyre-Microcystis hypothesis. Limnology 3:87-96

Jamieson RC, Gordon RJ, Sharples KE, Stratton GW, Madani
A (2002) Movement and persistence of fecal bacteria in
agricultural soils and subsurface drainage water: a review.
Can Biosys Eng 44:1-19

Janse I, Meima M, Kardinaal WEA, Zwart G (2003) High-
resolution differentiation of cyanobacteria by using rRNA-
internal transcribed spacer denaturing gradient gel elec-
trophoresis. Appl Environ Microbiol 69:6634-6643

Janse I, Edwin W, Kardinaal WEA, Meima M, Fastner J,
Visser PM, Zwart G (2004) Toxic and nontoxic Microcys-
tis colonies in natural populations can be differentiated
on the basis of TRNA gene internal transcribed spacer
diversity. Appl Environ Microbiol 70:3979-3987

Joosse PJ, Baker DB (2011) Context for re-evaluating agri-
cultural source phosphorus loadings to the Great Lakes.
Can J Soil Sci 91:317-327

Kutovaya OA, McKay RML, Beall BF, Wilhelm SW and oth-
ers (2012) Evidence against fluvial seeding of recurrent
toxic blooms of Microcystis spp. in Lake Erie's western
basin. Harmful Algae 15:71-77

McLellan SL, Daniels AD, Salmore AK (2003) Genetic char-
acterization of Escherichia coli populations from host
sources of fecal pollution by using DNA fingerprinting.
Appl Environ Microbiol 69:2587-2594

Michalak AM, Anderson EJ, Beletsky D, Boland S and oth-
ers (2013) Record-setting algal bloom in Lake Erie
caused by agricultural and meteorological trends consis-
tent with expected future conditions. Proc Natl Acad Sci
USA 110:6448-6452

Moorhead D, Bridgeman TB, Morris J (2008) Changes in
water quality of Maumee Bay 1928-2003. In: Munawar
M, Heath R (eds) Checking the pulse of Lake Erie. Eco-
vision World Monograph Series. Schweizerbart Science
Publishers, Stuttgart


http://dx.doi.org/10.1073/pnas.1216006110
http://dx.doi.org/10.1128/AEM.69.5.2587-2594.2003
http://dx.doi.org/10.1016/j.hal.2011.11.007
http://dx.doi.org/10.4141/cjss10005
http://dx.doi.org/10.1128/AEM.70.7.3979-3987.2004
http://dx.doi.org/10.1128/AEM.69.11.6634-6643.2003
http://dx.doi.org/10.1007/s102010200010
http://dx.doi.org/10.4319/lo.1994.39.2.0374
http://dx.doi.org/10.2307/1351795
http://dx.doi.org/10.1016/S0380-1330(82)71982-3
http://dx.doi.org/10.1007/s10533-010-9420-y
http://dx.doi.org/10.1111/j.1574-6941.1999.tb00642.x
http://dx.doi.org/10.1139/f01-143
http://dx.doi.org/10.1021/es801217q
http://dx.doi.org/10.2307/1932409
http://dx.doi.org/10.1016/j.hal.2011.11.002
http://dx.doi.org/10.1016/j.hal.2009.02.004
http://dx.doi.org/10.3394/0380-1330(2007)33[519%3ACILETI]2.0.CO%3B2
http://dx.doi.org/10.1016/S0380-1330(05)70307-5
http://dx.doi.org/10.4236/aim.2013.36A003
http://dx.doi.org/10.4236/jwarp.2012.412119
http://dx.doi.org/10.1016/j.jglr.2010.11.016
http://dx.doi.org/10.1016/j.jglr.2012.11.004
http://dx.doi.org/10.1002/2013JC008854
http://dx.doi.org/10.2134/jeq2002.9600

O

Author copy

Chaffin et al.: Connecting Lake Erie Microcystis blooms 39

Muyzer G (1999) DGGE/TGGE a method for identifying
genes from natural ecosystems. Curr Opin Microbiol 2:
317-322

Muyzer G, de Waal EC, Uitterlinden AG (1993) Profiling of
complex microbial populations by denaturing gradient
gel electrophoresis analysis of polymerase chain reac-
tion-amplified genes coding for 16S rRNA. Appl Environ
Microbiol 59:695-700

Ouellette AJA, Handy SM, Wilhelm SW (2006) Toxic Micro-
cystis is widespread in Lake Erie: PCR detection of toxin
genes and molecular characterization of associated
cyanobacterial communities. Microb Ecol 51:154-165

Paerl HW, Scott JT (2010) Throwing fuel on the fire: syner-
gistic effects of excessive nitrogen inputs and global
warming on harmful algal blooms. Environ Sci Technol
44:7756-7758

Paterson MJ, Schindler DW, Hecky RE, Findlay DL, Ron-
deau KJ (2011) Comment: Lake 227 shows clearly that
controlling inputs of nitrogen will not reduce or prevent
eutrophication of lakes. Limnol Oceanogr 56:1545-1547

Preston T, Stewart WDP, Reynolds CS (1980) Bloom-forming
cyanobacterium Microcystis aeruginosa overwinters on
sediment surface. Nature 288:365-367

Reynolds CS (2006) Ecology of phytoplankton. Cambridge
University Press, Cambridge

Rinta-Kanto JM, Saxton MA, DeBruyn JM, Smith JL and
others (2009) The diversity and distribution of toxigenic
Microcystis spp. in present day and archived pelagic and
sediment samples from Lake Erie. Harmful Algae 8:
385-394

Scheffer M (1998) Ecology of shallow lakes. Kluwer Aca-
demic Publishers, Dordrecht

Editorial responsibility: Rutger de Wit,
Montpellier, France

Scott JT, McCarthy MJ (2011) Response to comment: nitro-
gen fixation has not offset declines in the Lake 227 nitro-
gen pool and shows that nitrogen control deserves con-
sideration in aquatic ecosystems. Limnol Oceanogr 56:
1548-1550

Sigler WV, Bachofen R, Zeyer J (2003) Molecular character-
ization of endolithic cyanobacteria inhabiting exposed
dolomite in central Switzerland. Environ Microbiol 5:
618-627

Stumpf RP, Wynne TT, Baker DB, Fahnenstiel GL (2012)
Interannual variability of cyanobacterial blooms in Lake
Erie. PLoS ONE 7:e42444

Swayne D, Lam D, MacKay M, Rouse W, Schertzer W (2005)
Assessment of the interaction between the Canadian
Regional Climate Model and lake thermal-hydro-
dynamic models. Environ Model Softw 20:1505-1513

Temmerman R, Scheirlinck I, Huys G, Swings J (2003)
Culture-independent analysis of probiotic products by
denaturing gradient gel electrophoresis. Appl Environ
Microbiol 69:220-226

Watzin MC, Miller EB, Shambaugh AD, Kreider MA (2006)
Application of the WHO alert level framework to cyano-
bacterial monitoring of Lake Champlain, Vermont. Envi-
ron Toxicol 21:278-288

Wilhelm SW, DeBruyn JM, Gillor O, Twiss MR and others
(2003) Effect of phosphorus amendments on present day
plankton communities in pelagic Lake Erie. Aquat
Microb Ecol 32:275-285

Wynne TT, Stumpf RP, Tomlinson MC, Dyble J (2010) Char-
acterizing a cyanobacterial bloom in western Lake Erie
using satellite imagery and meteorological data. Limnol
Oceanogr 55:2025-2036

Submitted: December 9, 2013; Accepted: June 10, 2014
Proofs received from author(s): August 7, 2014


http://dx.doi.org/10.4319/lo.2010.55.5.2025
http://dx.doi.org/10.3354/ame032275
http://dx.doi.org/10.1002/tox.20181
http://dx.doi.org/10.1128/AEM.69.1.220-226.2003
http://dx.doi.org/10.1016/j.envsoft.2004.08.015
http://dx.doi.org/10.1371/journal.pone.0042444
http://dx.doi.org/10.1046/j.1462-2920.2003.00453.x
http://dx.doi.org/10.4319/lo.2011.56.4.1548
http://dx.doi.org/10.1016/j.hal.2008.08.026
http://dx.doi.org/10.1038/288365a0
http://dx.doi.org/10.4319/lo.2011.56.4.1545
http://dx.doi.org/10.1021/es102665e
http://dx.doi.org/10.1007/s00248-004-0146-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7683183&dopt=Abstract
http://dx.doi.org/10.1016/S1369-5274(99)80055-1
https://www.researchgate.net/publication/266203261

	cite43: 
	cite28: 
	cite5: 
	cite14: 
	cite42: 
	cite3: 
	cite27: 
	cite41: 
	cite26: 
	cite54: 
	cite39: 
	cite12: 
	cite40: 
	cite53: 
	cite11: 
	cite24: 
	cite52: 
	cite37: 
	cite10: 
	cite8: 
	cite6: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite21: 
	cite34: 
	cite19: 
	cite2: 
	cite47: 
	cite20: 
	cite18: 
	cite32: 
	cite17: 
	cite45: 
	cite9: 
	cite7: 
	cite30: 
	cite15: 


