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Abstract

During the past decade, algae blooms, which include the
toxic cyanobacterium Microcystis, have reoccurred in the
Laurentian Great Lakes, most commonly in the western
basin of Lake Erie. Whereas the western basin is the most
impacted by toxic Microcystis in Lake Erie, there has
historically been little effort focused on identifying the
spatial distribution of Microcystis throughout this lake.
To address this lack of knowledge, we have employed
a polymerase-chain-reaction-based detection of genes
required for synthesis of the toxin microcystin (mcyD
and mcyB), as well as 16S rDNA fragments specific to
either all Microcystis or all cyanobacteria. Using a
multiplex approach, we tested 21 samples from 13 field
stations and found that toxigenic Microcystis were present
in the western and eastern basins in the summers of
1999, 2000, and 2002 and the central basin in 1999 and
2002. This is the most extensive distribution of Micro-
cystis reported in Lake Erie. Clone libraries (16S rDNA)
of these cyanobacterial communities were generated
from 7 of the 13 field stations (representing all three
basins) to partially characterize this microbial commu-
nity. These libraries were shown to be dominated by
sequences assigned to the Synechococcus and Cyanobium
phylogenetic cluster, indicating the importance of pico-
plankton in this large lake system.

Introduction

The Laurentian (aka North American) Great Lakes,
composed of Lakes Superior, Huron, Michigan, Erie,
and Ontario, contain 17% of the world’s available fresh-
water and are important to the economic and recrea-
tional activity of millions of people [41]. Like many
major waterways, the Lake Erie ecosystem has changed
considerably because of anthropogenic influences that
include an influx of pollutants, the introduction of exotic
organisms, and system-wide nutrient loading. Algae
blooms were common in the 1970s and early 1980s
because of Bcultural eutrophication.^ In 1972, Canada
and the USA agreed to an aggressive phosphorus abate-
ment plan as laid out in the Great Lakes Water Quality
Agreement, setting annual limits on the discharge of
phosphorus to this lake [12]. Following the decrease in
phosphorus, algal blooms became less frequent, and the
water quality of the lake improved considerably [26, 30].
However, in 1995, a bloom of toxic Microcystis occurred
in the western basin of Lake Erie, and a toxic Microcystis
isolate (LE-3) was obtained [5]. This bloom was unex-
pected because of the nutrient reductions and overall
improved health of the lake.

Around 1986, the nonnative zebra mussel Dreissena
polymorpha was accidentally introduced into the Great
Lakes, in Lake St. Clair or Lake Michigan, and, by 1988,
had spread to Lake Erie [24]. Zebra mussels have been
found to exhibit selective feeding, expelling toxic Micro-
cystis (strain LE-3 and seston from Lakes Erie and
Huron) in the pseudofeces [48]. A survey of 61 Michigan
lakes found that the presence of Dreissena correlated with
Microcystis success in lakes with G25 mg Lj1 total phos-
phorus. Overall, phytoplankton biomass and chlorophyll
a were reduced dramatically following the introduction
of zebra mussels into Lake Erie [29, 34].
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Water quality and biogeochemistry in Lake Erie have
been altered in dramatic ways that include an increased
water transparency, lower total phosphorus concentra-
tions (through nutrient reduction programs), and overall
lower nitrogen-to-phosphorus ratios, presumably be-
cause of zebra mussels [2, 28]). Because phytoplanktons
respond differently to these parameters, observed shifts
in phytoplankton community structure are not surpris-
ing [29, 34, 51].

Microcystis spp. and a variety of microcystins have
been reported in Lakes Erie [5, 31], Huron [48], and
Ontario [31]. Microcystins are cyclic hepatotoxins that
can pose health risks and are produced by a variety of
freshwater cyanobacteria throughout the world [7].
Many strains of Microcystis produce microcystins and,
as such, are among the most prevalent of the toxic cya-
nobacteria. Detection of microcystins is routinely carried
out by mass spectrometry, enzyme-linked immunosor-
bent assay, and phosphatase inhibition assays, with each
of these methods offering different levels of sensitivity
and specificity [7].

To detect cyanobacterial cells, microscopic identifi-
cation based on morphology is commonly utilized. How-
ever, microcystins are synthesized via multifunctional
enzymes that include polypeptide synthetase and poly-
ketide synthase modules, and as such, potentially toxic
cells have no unique morphometric traits. DNA sequen-
ces for the gene clusters encoding these enzymes have
been published from two Microcystis strains [35, 36, 44]
and one Planktothrix strain [8]. These sequences enable
the genes to be targeted by DNA-based detection sys-
tems. As such, the polymerase chain reaction (PCR) is
rapidly becoming the basis for the detection of toxigenic
microorganisms, including Microcystis [3, 4, 11, 16, 32,
37–39, 43, 46, 49]. Analysis of PCR-amplified micro-
cystin genes from size-fractionated Microcystis colonies
suggests that microcystin diversity is not necessarily
driven by genotypic diversity, but instead may occur
from promiscuous amino acid activation [23]. Further-
more, a positive correlation was found between colony
size and the presence of toxin gene mcyB and microcystin
production [22, 23].

As ecosystems change (naturally or because of
human influences), knowledge concerning the re-
sponse(s) of the microbial community is required to
fully understand and develop predictive capabilities for
ecosystem dynamics. Surveys of Lake Erie phytoplankton
include microscopic analysis [17, 27, 29, 34] and
measurements of size-class fractionated chlorophyll a
[10, 51]. These approaches offer information concerning
the morphotypes and abundances of phytoplankton.
However, the genetic diversity of cyanobacteria in Lake
Erie has not been investigated. Because cyanobacteria
contribute significantly to nutrient and carbon flow in
freshwater aquatic ecosystems, and we are concerned

with an important member (Microcystis) of the Lake
Erie cyanobacterial population, we have begun to geneti-
cally characterize the cyanobacterial component of Lake
Erie.

Based on a multiplex approach to detect Microcystis
16S rRNA genes and the toxin biosynthesis genes mcyB
and mcyD, we present the first study employing PCR-
based mapping of toxic Microcystis within Lake Erie.
Furthermore, as part of this study, we have assessed
cyanobacterial community structure at several locations
within the lake using 16S rRNA gene analysis as a be-
ginning to our efforts to understand the Microcystis-
associated cyanobacterial communities.

Methods

Lake Erie Field Sampling. Sampling was
conducted during July in 1999–2002 during research
cruises aboard the CCGS Limnos. Water samples were
collected into acid-washed polycarbonate bottles with a
submersible pump lowered to about 1 m below the sur-
face. The samples were pressure-filtered (about G5 psi)
onto glass fiber filters (GFF, Whatman). Samples were
immediately frozen (j20-C) until processing.

Isolation and Evaluation of Genomic DNA. For
genomic DNA isolation, we compared two procedures to
assess biases in the specificity and/or efficiency of
extraction. To yield ecologically relevant results, this
comparison was conducted using samples from two
different aquatic ecosystems, Sandusky Bay in Lake Erie
and a pond in Knoxville, TN. The GFF were cut into
equal dimensions, and DNA isolation was conducted in
duplicate for each method. For method A, filters were
manipulated in 100 mM Tris–HCl pH 8.0, 100 mM
NaCl, 1 mM EDTA, and 3 mg mLj1 lysozyme to
dislodge material, and the entire mixture was shaken
for 2 h at 37-C. Sodium dodecyl sulfate (SDS) was added
to a final concentration of 1% and was then shaken for
1 h at 37-C. The samples were then incubated at 95,
80, and 37-C for 15 min each. The samples were
then extracted with phenol/chloroform and phenol/
chloroform/isoamyl alcohol, and DNA was precipitated
with ethanol and ammonium acetate [42]. Method B was
a xanthogenate-based method [45], where the filters were
incubated in the xanthogenate buffer for 2 h, and then
the supernatant was decanted and vortexed before
proceeding to the ice incubation step. For both methods,
DNA concentration was measured by fluorescence
(Hoefer Dynaquant 200, Amersham Biosciences).

To assess any bias in the cyanobacterial DNA
extracted, we conducted PCR terminal restriction frag-
ment length polymorphism (T-RFLP) analysis on the
genomic DNA. PCR was conducted using cyanobacterial
16S rDNA-targeted primers (Table 1). The forward and
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reverse primers were labeled with 6-carboxyfluorescein
and hexachlorofluorescein, respectively (Sigma-Genosys).
PCR amplicons were gel-purified using the QIAquick Gel
Extraction Kit (Qiagen, Valencia); aliquots were sepa-
rately digested with DdeI and MnlI, and the fragments
precipitated with ethanol. The samples were then
denatured with formamide and analyzed using an ABI
PRISM 310 Genetic Analyzer.

Detection of Microcystis by Multiplex PCR Amplifi-

cation. To determine the presence of cyanobacteria,
Microcystis, and the toxin genes mcyB and mcyD, four
primer sets (Sigma-Genosys) were used for this study
(Table 1). For each sample, two separate PCRs were con-
ducted: tube A was Bcyanobacterial specific^, where CYA
primers were utilized, and tube B was BMicrocystis speci-
fic^, a multiplex using the primer sets for MIC (Micro-
cystis 16S rDNA), mcyB, and mcyD. Initially, we utilized a
Btouchdown^ protocol for these reactions [annealing
temperatures: 65-C (initial) to 55-C (final)]. However,
we found that for environmental samples, nonreprodu-
cible amplification of the toxin genes was not uncommon.
Our subsequent protocol (initial denaturation at 95-C for
5 min followed by 50 cycles at 94-C for 30 s, 56-C for 60 s,
72-C for 30 s, and a final single step of 72-C for 15 min)
yielded more reliable results and is the method used in
these studies. Reactions were 50 mL using either Easy start
tubes (Molecular BioProducts) or in 96-well plates
when processing large numbers of samples. Reactions
contained 400 nM each primer, 300 ng mLj1 bovine
serum albumin (BSA; Sigma cat # A-7030; [20]), 0.04 U
mLj1 Taq polymerase (Promega), 0.1% Triton\ X-100
(Molecular BioProducts), 200 nM dNTPs, 2 mM MgCl2,
and 1–80 ng DNA. Five microliters of each PCR was
subjected to electrophoresis in 6% polyacrylamide gels
(37.5:1) in TBE (90 mM Tris–borate, 1 mM EDTA, pH
8.0). The gels were stained with 0.01% SYBR green (in
TBE).

Clone Library Generation and Analysis. Clone
libraries were created using gel-purified (QIAquick)
CYA amplicons from PCRs using 66-C as the annealing

temperature. Clone libraries were generated using the
TOPO-TA cloning kit (Invitrogen), and plasmids were
isolated with Wizard\ Plus miniprep system (Promega).
For samples of low transformation efficiency, the PCRs
were repeated to include a final 15-min, 72-C step with
200 mM dATP, and the resulting amplicons were desalted
using a Microcon\-PCR centrifuge filter (Amicon) and
cloned as above.

For RFLP analysis, clones were PCR-amplified using
the same CYA primers. Aliquots of each sample were
independently restriction-digested (overnight at 37-C)
with DdeI and MnlI (New England Biolabs). Fragments
were separated by gel electrophoresis and were visualized
as above. Fragmentation patterns from the DdeI and
MnlI digests were assigned separately and then were
combined to give a binomial operational taxonomic as-
signment (OTU) system for each sample. Sequencing was
conducted (The University of Tennessee Molecular
Biology Resource Facility) using the primer 700R
(CTACGCATTTCACYGCTMCAC) [47] or M13 For-
ward (Invitrogen). The sequences were trimmed to re-
move uncertain nucleotides at the beginning of the
data file, as well as primer sequences as necessary.
Finally, the sequences generated from 700R were
reversed and complemented, and the sequences were
deposited in GenBank with accession numbers
AY857989–AY858034.

Phylogenetic Analysis. Sequences were initially
aligned using PileUp via the Wisconsin Package (ver-
sion 10.3, Accelrys Inc., San Diego, CA) and then were
manually edited in BioEdit [15]. Basic local alignment
search tool (BLAST) analyses were conducted through
the NCBI Web site [1]. For each sequence, the BLAST
result with the highest sequence identity to the cloned
sequence was noted (Table 3). Chimera Check at the
Ribosomal Database Project II [9] and Bellerophon [18]
were employed for detecting potential chimeric PCR
products. Neighbor-joining analysis was conducted using
Kimura two-parameter distance and complete deletion
using the Mega2 software package [21]. Only positions
that were unambiguous and present for all sequences

Table 1. Primers used for PCR detection of cyanobacteria (CYA), Microcystis (MIC), and microcystin biosynthesis genes B (mcyB) and
D (mcyD)

Gene target Amplicon size Primer name Sequence (50? 3) Source (original name)

Cyanobacteria
16S rRNA

õ1200 bp CYA 108F ACGGGTGAGTAACRCGTRA Urbach et al. [47] (PLG1.3)
CYA 16SCYR CTTCAYGYAGGCGAGTTGCAGC Modified from Urbach et al. [47] (PLG2.4)

Microcystis
16S rRNA

230 bp MIC 184F GCCGCRAGGTGAAAMCTAA Modified from Neilan et al. [33] (209F)
MIC 431R AATCCAAARACCTTCCTCCC Modified from Neilan et al. [33] (409R)

Microcystis
mcyB

320 bp mcyB 2959F TGGGAAGATGTTCTTCAGGTATCCAA Nonneman and Zimba [37] (MCY F1)
mcyB 3278R AGAGTGGAAACAATATGATAAGCTAC Nonneman and Zimba [37] (MCY R1)

Microcystis
mcyD

298 bp mcyD F2 GGTTCGCCTGGTCAAAGTAA Kaebernick et al. [19] (mcyD F2)
mcyD R2 CCTCGCTAAAGAAGGGTTGA Kaebernick et al. [19] (mcyD R2)
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were utilized, resulting in 461 nucleotide positions.
Bootstrapping employed 5000 replications.

Results

DNA Isolation Comparison. For the Knoxville
pond sample, the yield of DNA was 6.3 (T1.3) mg Lj1

water and 6.6 (T1.9) mg Lj1 water using methods A and
B, re-spectively, and for Sandusky Bay (Fig. 1), the DNA

yield was 17.3 (T1.4) mg Lj1 water and 18.5 (T1.4) mg Lj1

water for methods A and B, respectively. Thus, the DNA
yields for the two methods are essentially the same. For
the Sandusky Bay samples, multiple filters were required
to filter a large volume, so the volume of water per filter
is estimated.

For a quick assessment of extraction bias, T-RFLP
analysis (see [38] and references therein) was conducted
on the DNA samples. In T-RFLP, PCR is conducted

Figure 1. Sampling locations within Lake Erie. LPB,
Long Point Bay; PIB, Put in Bay; RB, Rondeau Bay; SB,
Sandusky Bay.

Table 2. PCR analysis of cultures

Organism CYA MIC mcyD mcyB MCY a

Vibrio sp. j j j j NR

Unicellular/noncolonial cyanobacteria
Synechocystis sp. UTEX 2470 + j j j NR
Synechococcus sp. WH 7803 + j j j NR

Filamentous cyanobacteria
Nodularia sp. + j j j NR
Oscillatoria luteus + j j j NR
Plectonema boryanum 594 + j j j NR
Nostoc muscorum UTEX 1037 + j j j NR
Anabaena flos-aquae UTEX 2383 + j j j NR
Anabaena sp. UTEX 2391 + j j j NR
Anabaena sp. UTEX 2558 + j j j NR
Anabaena sp. UTEX 2576 + j j j NR
Planktothrix sp. PCC 7811 + j j j NR
Planktothrix sp. PCC 7821 + j j j NR

Microcystis spp.
M. aeruginosa LE-3 + + + + Y
Microcystis sp. PCC 7813 + + + + Y
Microcystis sp. PCC 7820 + + + + Y
Microcystis sp. PCC 7941 + + + + Y
M. aeruginosa UTCC 124 + + + + NR
M. aeruginosa UTCC 459 + + + + Y
M. aeruginosa UTEX 2385 + + + + NR
M. aeruginosa UTEX 2386 + + j j N
M. aeruginosa UTEX 2661 + + j j NR
M. aeruginosa UTEX 2663 + + + + Y
M. aeruginosa UTEX 2666 + + + + Y
Microcystis sp. PCC 7806 + + + + Y

Detection of cyanobacteria 16S rRNA (CYA), Microcystis 16S rRNA (MIC), microcystin polyketide synthase D gene (mcyD), and microcystin peptide
synthetase B gene (mcyB).
aReportedly microcystin producer or not: NR, not reported; Y, reportedly produces microcystin; N, reportedly does not produce microcystin.
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using at least one fluorescently labeled primer. Following
restriction digestion of the resulting amplicons, the frag-
ments are separated by capillary electrophoresis, and the
labeled fragments are monitored. The resulting electro-
pherograms display peaks that correspond to terminal
restriction fragments. In this way, a measure of the gene
diversity is obtained. The T-RFLP analysis from the two
different DNA isolation procedures yielded electrophero-
grams within which the majority of peaks were essentially
the same (data not shown). Because the DNA extraction
efficiency and the overall gene diversity were very similar,
we concluded that either genomic DNA isolation method
was valid for this study, and we used the xanthogenate–
SDS method (method B).

Multiplex PCR Detection Validation Using Cultures.

Polymerase-chain-reaction-based presence/absence as-
says for cyanobacteria, Microcystis, and the toxin genes
mcyD and mcyB were conducted on laboratory cultures
(Table 2 and see Ouellette and Wilhelm [38]) using the
primers in Table 1. Two separate PCRs were conducted
for each sample, one Bcyanobacteria and chloroplast
specific^ and the other BMicrocystis specific^. To detect
the presence of cyanobacteria, a portion of the cyano-
bacterial 16S rRNA gene was targeted by PCR, which
yields an amplicon of approximately 1200 base pairs
(labeled CYA, Fig. 2). To detect Microcystis, primers were
utilized that specifically target sequences of the 16S rRNA
gene that are highly conserved and unique among known
Microcystis strains [33]. These primers detect Microcystis
strains that are reportedly toxic and nontoxic and yield
the amplicons labeled MIC in Fig. 2 [33, 38]. To detect
Microcystis strains that contain microcystin biosynthesis
genes (i.e., toxigenic), we employed primers to PCR
amplify portions of the mcyB [37] and mcyD [19] genes
(amplicons labeled in Fig. 2). Table 2 summarizes the re-
sults of these assays for a variety of laboratory cultures to

include the heterotrophic Vibrio as a negative control. All
of the cyanobacteria tested positive using the CYA pri-
mers, and the MIC primers are specific to Microcystis.
The eight reportedly toxic Microcystis test positive for
mcyD and mcyB, whereas the strain reportedly nontoxic
(UTEX 2386) tests negative for these microcystin
biosynthesis genes.

Multiplexing Lake Erie Samples. To understand
the spatial distribution of Microcystis within Lake Erie,
we have used these PCR protocols on genomic DNA
isolated from various locations (Fig. 1). Data from four
sampling stations are presented from 3 years: 1999, 2000,
and 2002 (Figs. 2A–C). Data for 13 stations throughout
the lake are presented from the year 2002 (Figs. 2D–F).
To assess the ability of the genomic DNA to be amplified,
CYA primers were used as positive controls for each
station, as it is a basic assumption that cyanobacteria are
ubiquitously present. All samples tested positive for
cyanobacterial 16S rRNA genes (Figs. 2A, D). Some
samples that tested positive for one or more of the Micro-
cystis-specific genes (MIC, mcyD, mcyB) using 80 ng
DNA tested negative when 8 ng genomic DNA was as-
sayed (Fig. 2, compare C to B and F to E). Without the
addition of BSA to the reactions, many samples failed to
yield any amplicons when 80 ng of DNA was used (data
not shown). However, when the samples contained BSA,
all tested positive for cyanobacteria and Microcystis, and
all but stations 23 (1999), 84 (2000), and 357 (1999)
reliably tested positive for one or both of mcyD and mcyB
(Fig. 2).

Amplicons for MIC, mcyB, and mcyD were se-
quenced from two stations and searched against the
nonredundant database (blastn). These sequences are 95
and 97% (MIC), 92 and 96% (mcyB), and 99 and 100%
(mcyD) identical to sequences in the databank that cor-
respond to the targeted genes. These results confirm the

Figure 2. PCR results for detection
of toxic Microcystis in Lake Erie.
Reactions for A and D contained
CYA primers; B, C, E, and F
contained mcyB, mcyD, and MIC
primers. PCRs contained 8 ng of
DNA in A, B, D, and E and 80 ng of
DNA for C and F. Molecular weight
markers are in lanes M, with the
size of the markers labeled as kb
(kilobase pairs). Basin locations of
the stations (eastern, central, and
western) are noted at the bottom.
A Microcystis strain isolated from
Lake Erie [5] was used as a positive
control (+), and water was used as
a negative control (no template; j).
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validity of the PCR-based detection. These PCR-based
results indicate the widespread presence of toxic Micro-
cystis throughout Lake Erie in 1999, 2000, and 2002.

Lake Erie Clone Library/Phylogenetic Analysis. To
begin characterization of cyanobacterial communities, we
have constructed and analyzed 16S rRNA gene clonal
libraries. Clone libraries were generated for seven sta-
tions, and 50 clones from each library were selected for

RFLP analysis using two different restriction enzymes.
Using RFLP analysis, we were able to assign 57 unique
OTUs from 295 plasmids based on two separate digests
by DdeI and MnlI (some samples were not assigned
OTUs because of lack of clone growth, difficulties in
restriction, etc.). Of the 50 plasmids submitted for se-
quencing, 2 had no insert, 1 did not sequence, 1 had
more than one sequence, and 46 usable sequences were
generated. These 46 sequences represent 40 of the 57

Table 3. Clone library OTUs: distribution in Lake Erie and BLAST results

Stations and OTU frequency BLAST results

OTU 23 LPB 589 84 RB 357 SB Identity Accession number % ID

1a 1 22 36 1 3 Synechococcus PS723 AF216955 98
1b Cyanobium (Synechococcus) LB03 AY83115 96
2a, b 10 25 17 8 4 22 Synechococcus LBG2 AF330249 96a

3 1 Synechococcus BS5 AF330253 96
4 1 Synechococcus BS4 AF330253 96
5 1 Synechococcus LBG2 AF330249 94
6 1 Uncultured cyanobacterium AY100325 81
7 1 Synechococcus PCC 7920 AF216948 97
8 1 Uncultured cyanobacterium AB060934 97
9 2 Synechococcus PS723 AF216955 98
10a Synechococcus BS5 AF330253 96
10b 18 11 2 6 4 Uncultured cyanobacterium AB060934 99
10c Synechococcus PS680 AF216951 97
11 2 Synechococcus PCC 9005 AF216950 97
12 1 Synechococcus LBG2 AF330249 98
13 1 Synechococcus PCC 7920 AF216948 98
14 1 Synechococcus LBB3 AF330250 97
15 6 Synechococcus BS5 AF330253 94
16 1 Uncultured cyanobacterium AB060934 96
17 11 Synechococcus LBG2 AF330249 94
18 2 Synechococcus PS723 AF216955 96
19 1 Spirulina laxissma SAG B256.80 Y18798 90
20 2 Spirulina laxissma SAG B256.80 Y18798 90
21 2 Oscillatoria AJ133106 94
22a, b 4 Synechococcus PCC 7920 AF216948 97a

23 1 Synechococcus BS5 AF330253 95
24 1 Lauderia borealis P125 AJ536459 95
25 1 Uncultured eukaryote AB060935 92
26 1 Uncultured diatom HT2B7 AF418974 98
27 2 Environmental clone OCS20 AF041468 90
28 1 1 Uncultured eukaryote AB060935 92
29 1 Uncultured earthworm cast AY037734 94
30 1 Uncultured bacterium Tc57 AF445119 75
31a, b 1 1 Uncultured bacterium B2 AB060931 95a

32 2 Uncultured bacterium MB-A2-100 AY093455 89
33 1 Uncultured bacterium 120-145 AF316677 93
34 3 Uncultured bacterium LD29 AF009975 97
35 1 Uncultured bacterium CL120-145 AF316677 93
36 1 Uncultured bacterium DEV005 AJ401105 87
37 1 Uncultured bacterium CL120-145 AF316677 93
38 2 Uncultured bacterium LD29 AF009975 97
39 8 Uncultured bacterium LD29 AF009975 95
40 6 Uncultured bacterium LD29 AF009975 98
Other 5 1 1 1 0 6 7 Not sequenced
Total 39 45 37 41 44 47 37

The identity (provided by the depositor) for the best sequence match is reported, along with the corresponding accession number and the percent identity
(% ID) as compared to the Lake Erie sequence.
aTwo individual clones with the same OTU gave the same results; the lowest % ID for the two is reported.
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Figure 3. Neighbor-joining phylogenetic tree for Lake Erie 16S rRNA genes and sequences obtained from GenBank. A–C, cyanobacteria; D
+ E, eukaryotic algae; F + G, heterotrophic bacteria. Inset depicts the same tree, but displayed in radiation format.
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OTUs (72%), thereby representing 269 clones (92%). The
occurrences of the OTUs and the resultant best nucleotide
sequence match from the BLAST analyses were compiled
(Table 3). Sequences from the clone library, BLAST
results, and other cultivated organisms were included in
a sequence alignment, and a neighbor-joining tree
was constructed (Fig. 3). Phylogenetic analysis (Table 3
and Fig. 3) reveals that 86% of the sequenced OTUs
represent cyanobacteria (Figs. 3A–C), 3% are from
plastids (Figs. 3D, E), and the remaining 11% are from
heterotrophic bacteria (Figs. 3F, G). Thus, whereas the
CYA primers target 16S rRNA genes of cyanobacteria, a
small percentage of chloroplast and heterotroph se-
quences are in the clone library, allowing a partial
characterization of the microbial community aside from
the cyanobacterial members. None of the sequences were
identified as chimeras. Comparable results from the
BLAST analysis and the phylogenetic tree were ob-
tained, although the tree was constructed from a small-
er number of nucleotides (because of masking).

The BLAST results (Table 3) were dominated by
sequences from the Synechococcus/Cyanobium cyano-
bacterial cluster (which is a diverse, cosmopolitan,
polyphyletic group) and included sequences related to
phycocyanin- and phycoerythrin-rich isolates. The shal-
lowness of the Synechococcus/Cyanobium cluster (Fig. 3)
reflects the high sequence identity for members of this
group.

Discussion

This study presents molecular data that identify the geo-
graphical distribution of Microcystis and members of the
oxygenic photosynthetic community in Lake Erie. PCR-
based approaches are gaining popularity for use in the
detection of toxic algae and have been used extensively in
marine and freshwater systems to assess microbial
diversity. This is the first report that we know of that
employs PCR detection methods for toxic Microcystis in
the Laurentian Great Lakes and only the third report that
we know of within North America [37, 38]. Furthermore,
the partial characterization of microbial community
structure by 16S rRNA gene clone libraries is also the
first that we know of for Lake Erie. The results of this
study are discussed below in consideration of the re-
occurring toxic cyanobacterial blooms as well as the
importance of picoplankton in this Laurentian Great
Lake.

Influential Factors on Successful Amplification. Initially,
we assayed aliquots of 4 and 40 ng of genomic DNA
from environmental samples (data not shown). In many
samples, amplification was not detected for any of the
genes using the 40ng samples, and Microcystis-specific
genes (mcyB, mcyD, and MIC) were not detected in

many of the 4ng samples. The subsequent addition of
BSA [20] in the PCRs resulted in the amplification of
cyanobacterial 16S rRNA gene (CYA, a positive control)
in all of the samples and Microcystis-specific genes in
some. The BSA presumably aids by binding PCR inhibi-
tors in the samples. However, the generation of some
Microcystis-specific amplicons was not reproducible even
when 40 ng of genomic DNA was used.

Subsequently, we found that 80 ng of DNA per reaction
increased the reproducibility of amplification and gene
detection from all basins (Figs. 2C, F). If the positive
control for the sample (CYA) does not yield an amplicon
when 80 ng is employed, then analyzing less DNA may be
necessary. It is important to keep in mind that dilution
of genomic DNA to decrease the concentration of PCR
inhibitors also decreases the number of target genes. As is
evident, numerous samples containing 8 ng of genomic
DNA did not yield Microcystis-specific amplicons
(Figs. 2B, E), whereas amplicons were obtained when
80 ng of genomic DNA was used (Figs. 2C, F). As with
any PCR-based approach, the accumulation of gene
sequences in the literature and databases will help in
the refinement and design of primer sequences. Excellent
progress identifying toxin gene sequence diversity has
been made [23]. However, the specificities of current
primer sets based on known sequences should be
considered limiting factors. Therefore, utilizing two
primer sets (mcyD and mcyB) for the assessment of
potential toxicity is recommended as are anticipated
(and ongoing) refinements of these techniques.

Mapping Potentially Toxigenic Microcystis spp. in Lake

Erie. The detection of toxic Microcystis is a requisite
to the understanding of the dynamics of Microcystis and
toxin production in the Lake Erie ecosystem. Whereas
analysis and identification by microscopy are indis-
pensable, alternate detection methods are required that
can detect very small cell densities as well as work when
Microcystis is a small percentage of the entire community.
The polymerase chain reaction is employed because of
the exponential amplification of targets by this detection
method, as well as the potentially high specificity. These
methods allow the mapping of toxic and nontoxic
Microcystis (Table 1 and Fig. 2).

Microscopic/morphologically based descriptions of
abundance and identification of phytoplankton members
within Lake Erie give considerable insight into the phyto-
plankton communities in Lake Erie [17, 27, 29]. One
long-term study (1969–1978) of phytoplankton diversity
and biomass in Long Point Bay reports the presence
of Microcystis [17]. Our molecular data for 2002 also
detect Microcystis in this bay. For the period 1983–1987,
Microcystis was microscopically identified in the western
and central basins but was not found in the eastern basin
[27]. In part, this illustrates the limitations of microscopy
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and the increased sensitivity provided by molecular tools
[28]. Indeed, we have detected toxigenic Microcystis in
the eastern basin of Lake Erie at station 23 from more
recent years (Fig. 2), although there is no doubt that the
detection of Microcystis at pelagic sites (23, 84, and 357)
is more sporadic. Taking the data as a whole, the
amplicons produced from Microcystis 16S rDNA, mcyB,
and mcyD genes in Lake Erie’s three basins indicate that
toxigenic Microcystis is spatially and temporally wide-
spread.

Verification of mcyB, mcyD, and MIC Amplicons from

Lake Erie. None of the sequences retrieved from the
cyanobacterial 16S rDNA clone libraries are predicted to
have come from Microcystis (Table 3 and Fig. 3).
However, the multiplex data (Fig. 2) yield positive
results for the genes encoding Microcystis 16S rRNA,
mcyB, and mcyD from the majority of the samples.
Sequencing of MIC, mcyB, and mcyD amplicons from
several samples confirmed the identity of these genes.
Therefore, toxic Microcystis are indeed found in these
samples, and the absence of these sequences in our clone
library analysis may reflect the low abundance of
Microcystis in the samples relative to other potential
targets or the bias of the techniques utilized for the
cloning (see below). This illustrates limitations of clone
libraries, and that the absence of a sequence does not
imply the absence of a particular organism.

Lake Erie Clone Library/Phylogenetic Analysis. PCR
amplification of cyanobacterial 16S rRNA genes and sub-
sequent cloning, sequencing, and phylogenetic analysis
of the amplicons were undertaken to identify mem-
bers of the cyanobacterial community associated with
Micro-cystis. As expected, we also obtained some se-
quences predicted to originate from plastids. Fur-
thermore, the clone library also contains a number of
sequences that appear to be most closely related to het-
erotrophic bacteria.

Synechococcus- and Cyanobium-like sequences dom-
inate the Lake Erie 16S rDNA clone library (227 of 291
clones) for the seven stations analyzed (Table 3). In
contrast, a Lake Erie phytoplankton study 20 years ago
(1983–1987) reports neither Synechococcus nor Cya-
nobium. Furthermore, a long-term study (1969–1978)
of phytoplankton diversity and biomass in Long Point
Bay does not report the presence of Synechococcus [17].
Over 90% of our 16S rRNA gene sequences from Long
Point Bay (2002) are ascribed to Synechococcus (Fig. 3
and Table 3). The fact that Synechococcus sequences
dominate the Lake Erie 2002 clone libraries presented
here but are absent from reports spanning 1969–1978
and 1983–1987 warrants more attention. It remains
possible that the small size and relatively recent discovery
[50] of Synechococcus as a ubiquitous component of

aquatic environments may have led to their omission
from previous studies.

Synechococcus and Cyanobium frequently dominate
within the picoplankton size class of oligotrophic
freshwater lakes [6, 40]. Historical shifts in phytoplank-
ton community structure have been reported for Lake
Erie, and in the 1990s, the picoplankton played a sig-
nificant role in primary productivity [30]. During 1986–
1988, an average of 10% of the total primary productivity
in Lakes Michigan and Huron were attributed to
Synechococcus, with up to 50,000 cells mL detected [13].
In July 2002 (during the same cruise that samples for the
clone libraries presented here were obtained), the
picoplankton size class (0.2–2.0 mM) contributed 33,
19, and 24% of the total chlorophyll a in the eastern,
central, and western basins of Lake Erie, respectively
(excluding data from bays and rivers) [10]. The pico-
plankton contribution of chlorophyll a for stations
specifically represented by the 2002 clone libraries (Table
3) are 68, 43, 37, 16, 61, and 16% for stations 23, Long
Point Bay, 589, 84, 357, and Sandusky Bay, respectively
[10]. Thus, the picoplankton contributed significantly to
the phytoplankton community in these samples, and the
clone library results indicate that Synechococcus was
prevalent. In 2001, 4, 57, and 48% of the total chlo-
rophyll a at stations 23, 84, and 357 was produced by
picoplankton [51].

Whether the current populations of Synechococcus/
Cyanobium in Lake Erie reflect a recent phytoplankton
community shift remains to be seen, but because Lake
Erie has shifted from eutrophic to oligo-mesotrophic, the
dominance of these gene sequences in the clone libraries
is not surprising. Furthermore, changes in the N/P ratio
and selective feeding by zebra mussels are probably
influencing the phytoplankton composition of Lake Erie.
We have demonstrated here that PCR can be used to
characterize members of the community and, as such,
has the potential of assessing any such shift in archived
samples as long as the stored DNA is intact.

Caveats [52] regarding the clone libraries include
potential bias in DNA extraction, PCR, and/or cloning
steps that might favor the ultimate dominance of
particular sequences (e.g., the Synechococcus-like sequen-
ces in this study). We stress that clone library results are
not quantitative. However, we do favor the notion that
Synechococcus comprised a significant fraction of the
cyanobacterial community in the water samples because
(1) the picoplankton contributed a significant fraction of
the total chlorophyll a (see above); (2) two very different
DNA extraction methods yielded the same results in
DNA yield (by quantification) and diversity of 16S rRNA
genes (assessed by T-RFLP); (3) the primers utilized have
amplified 16S rRNA genes that are closely related to
numerous cyanobacteria, chloroplasts, and heterotrophic
bacteria (unpublished data) [38]; and (4) the cloning
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ligation relies on A-overhangs added to the 30 ends of
the PCR amplicons (essentially the 50 ends of the
primers) and, as such, is independent of the target
DNA sequences. Furthermore, having used different
cyanobacterial-specific primers, three of the five sequen-
ces reported from a Lake Michigan 16S rRNA clone
library grouped with Synechococcus [25].

The Sandusky Bay clone library was the only library
to reveal sequences that correspond to filamentous cya-
nobacteria (Oscillatoriales: Spirulina and Oscillatoria).
Furthermore, this is the only station that was not do-
minated by Synechococcus/Cyanobium sequences (because
of a significant abundance of amplicons that appear most
closely related to heterotrophic bacteria). In some re-
spects, it is not surprising that the DNA library from
Sandusky provided markedly different results than the
libraries from other stations. In their comparative study
of Lake Erie and Sandusky Bay, Garono et al. [14]
concluded that the phytoplankton communities were
different, primarily because of spatial and seasonal var-
iations in cyanophytes and diatom abundance. Given the
extreme concentrations of bacteria that can be found in
this bay [10], it is not surprising that some heterotrophic
bacterial sequences were found.

Another interesting result from this study is the
significant abundance of sequences associated with phy-
coerythrin-rich Synechococcus spp. Whereas phycocya-
nin-rich Synechococcus are frequently identified in fresh-
water systems, the presence of phycoerythrin-rich isolates
in North American Great Lakes (and their availability as
clonal cultures for laboratory studies) is much rarer. As
for the Microcystis populations, the results of this study
demonstrate our previous lack of knowledge concerning
the ubiquitous presence of many of these cyanobacteria
throughout Lake Erie. We realize that a comprehensive
cyanobacterial community analysis based on gene
sequences would entail more sampling (more clones)
and more nucleotides; however, the data as presented
here constitute an important first step for Lake Erie.

The rapid detection of Microcystis, toxic and not, is
important for water managers, as well as for those in-
terested in the geographical distribution of these organ-
isms. Microscopic detection of Microcystis cannot discern
between potentially toxigenic and nontoxic cells. Previ-
ous studies have identified Microcystis in the western and
central basins of Lake Erie, but not in the eastern basin.
Here we report the PCR-based detection of toxic Micro-
cystis throughout Lake Erie, including the eastern basin.
Synechococcus- and Cyanobium-like sequences dominate
the clone libraries of 16S rRNA genes generated from
Lake Erie, with sequences very similar to members of the
Oscillatoriales and to plastids from diatoms and crypto-
monads also present. Sequences most closely associated
with Actinobacteria and Verricumicrobia were also ob-
served. Therefore, whereas the Vibrio isolate functioned

as a negative control for the PCR methods (Table 2), the
cyanobacterial primers do amplify 16S rRNA genes from
other bacteria. This is the first study of its kind for the
Great Lakes. We suggest that this approach may be
valuable in the future, particularly in combination with
quantitative estimates of the abundance of toxin genes
and concentrations of toxin, and can be used to deter-
mine correlations between water column chemistry,
cyanobacterial community structure, and the presence
of toxic Microcystis.
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