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Spatiotemporal changes in the genetic
diversity of a bloom-forming Microcystis
aeruginosa (cyanobacteria) population
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The variations in microcystin concentrations during cyanobacterial blooms in freshwater
ecosystems appear to depend on numerous factors, which have still not been fully identified.
To contribute to clarify the situation, we have developed a spatial sampling approach to determine
the dynamics and genetic diversity of a bloom-forming population of Microcystis aeruginosa in a
large French reservoir, and the variations in the proportions of microcystin-producing genotypes.
We demonstrated that marked changes occurred in the internal transcribed spacer (ITS) genotype
composition of the M. aeruginosa population during the development of the bloom. These changes
led progressively to the selection of one dominant ITS genotype throughout the entire reservoir
when the cell number reached its maximum. At the same time, we identified a decrease in the
proportion of the mcyBþ genotype, and a significant negative correlation between this proportion
and that of the dominant ITS genotype during the bloom. Thus, it appeared that favorable conditions
for Microcystis cell growth led to the selection, within the Microcystis population, of a non-
microcystin-producing genotype, whereas potentially microcystin-producing genotypes were
dominant in this population before and after the bloom, when environmental conditions were less
favorable for growth.
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Introduction

Proliferations of harmful cyanobacteria are a growing
problem in many freshwater ecosystems, and may be
explained by the degradation of the water quality in
many of them because of eutrophication (for example
Carpenter et al., 1998; Smith et al., 1999) and, to a
lesser extent, by climate warming (Paerl and Huis-
man, 2008; Shatwell et al., 2008; Jöhnk et al., 2008). In
attempts to find out what governs cyanobacterial
proliferations, over the past 10 years an increasing
number of papers have dealt with the relative
importance of biological, physicochemical and
weather (for example Wiedner et al., 2002; Jacquet

et al., 2005; Catherine et al., 2008). Furthermore,
several publications have recently investigated the
genetic diversity of some bloom-forming cyanobacter-
ial populations, to assess their population structure
(for example Barker et al., 2000; Wilson et al., 2005;
Tanabe et al., 2007) or to find out whether biogeo-
graphic differentiation occurs between these popula-
tions at different spatial scales (for example
Bittencourt-Oliveira et al., 2001; Hayes et al., 2002;
Laamanen et al., 2002; Gugger et al., 2005).

In most the studies of the population dynamics
and genetics of cyanobacteria, only one sampling
point per ecosystem are investigated, and this made
it impossible to evaluate the spatial dynamics of the
populations during the bloom development. As
a result we do not know whether cyanobacterial
blooms in large freshwater ecosystems start at a
single point, and subsequently spread throughout
the whole ecosystem, or whether blooms are
initiated at several different places within the body
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of water. Similarly, there is no data available about
the spatiotemporal pattern of genetic diversity
during the development of cyanobacterial blooms,
and this information could help to clarify the
population dynamics, and to find out whether one
or several genotypes are differentially selected at
different places during bloom development. Knowing
this would also allow us to estimate the spatial scale
at which dominant genotypes are selected during the
development of the proliferating populations.

It is also particularly interesting to compare the
changes in the population dynamics and genetics
during cyanobacterial proliferation to the change in
cyanotoxin production. Many studies of microcys-
tins (MCs), which are the most frequently detected
cyanotoxins, have demonstrated that, for a given
species, the potential toxicity of the proliferating
populations varied greatly not only from place to
place, but also over the time course of the blooms
(for example Kardinaal and Visser, 2005; Rantala
et al., 2006). These changes seem to be attributable
mainly to changes in the relative proportions of
potentially MC-producing and non-MC-producing
genotypes in the population (for example Vaitomaa
et al., 2003; Kurmayer et al., 2004) but also, to
changes in the rate of MC production by the toxic
genotypes (for example Sivonen, 1990; Kaebernick
et al., 2000; Wiedner et al., 2003; Gobler et al., 2007).
Moreover, the recent work of Briand et al. (2008a)
demonstrated that during a Planktothrix agardhii
proliferation there was an inverse correlation between
the changes in the proportion of potentially toxic
genotypes and in cyanobacterial cell abundances.

One interesting question about all these data is
how to establish the links between the changes in
cyanobacterial cell abundance, the genetic diversity
of the population and the proportion of potentially
MC-producing genotypes during the spatial course
of the development of a bloom in an ecosystem.
To provide some answers to these questions, we
investigated the development of a Microcystis
aeruginosa bloom in the Grangent reservoir, which
is located on the Loire River in central France, using
a sampling strategy based on surveying six points in
the lake. Throughout the development of the bloom,
the changes in the M. aeruginosa cell numbers and
also in its genetic diversity was evaluated at each of
these sampling points by sequencing the internal
transcribed spacer (ITS) of the rRNA gene. We used
the same samples to estimate the change in
the proportion of potentially MC-producing and
non-MC-producing genotypes using real-time PCR.

Materials and methods

Study area and sampling strategy
The Grangent reservoir (451270N; 41150E) is located
in the Massif Central (France), near Saint-Etienne, in
the upper part of the river Loire, and was created in
1957 (Figure 1). The reservoir has a surface area of

365 Ha with a length of 21 km, a maximum depth of
50 m and a capacity of 57.4� 106 m3. Lake Grangent
constitutes an important water reservoir for energy
production and irrigation. This water body is also a
recreational area, used for bathing and nautical
activities. Since 1970, external phosphorus loads
have led to the hypereutrophication of the reservoir,
which explains why M. aeruginosa blooms have
been formed for several years (Berthon et al., 1996).

Sampling was conducted at six stations following
an upstream/downstream gradient on the Grangent
reservoir (Figure 1). The study sites were sampled
every 2 weeks from 18 April to 1 August 2007. Water
samples were collected 0.5 m below the surface
using an electric pump that filtered 120, 60 or 30 l of
water (depending on the biomass) through a 20-mm
filter; and then concentrated the biomass over a 20-
mm filter into three 50-ml tubes (Greiner). The first
sample, which was used for cyanobacterial count-
ing, was preserved with Lugol’s iodine (1:100)
directly after sampling, and stored at 4 1C. The two
other samples were kept at �20 1C until tested for
DNA extraction for molecular analysis (cloning,
sequencing and real-time PCR).

M. aeruginosa cell densities (expressed in cells l�1)
were determined in duplicate using a Malassez
counting chamber with a Nikon Optiphot 2 micro-
scope (� 200; Nikon, Melville, NY, USA) after the
rapid disruption (20 s) of the colonial structure of M.
aeruginosa by ultrasonication (ultrasonic processor
at 25 kHz; Reynolds and Jaworski, 1978).

DNA extraction, PCR amplification and
cloning–sequencing of the ITS
DNA was extracted according to the protocol of
Humbert and Le Berre (2001) when cell number was
sufficient to obtain good amplification of the ITS.
Briefly, after filtering the sample, pieces of filter were
placed in a tube and subjected to ultrasonication, as
described previously, in 2–4 ml cell lysis buffer (0.05 M

Tris–HCl, 0.05 M NaCl, 0.05 M EDTA at pH 8, and with
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Figure 1 Location of the Grangent storage reservoir in France.
Revotes (R), Chatelet (Ch), Lizeron (L), Anse (A), Camaldules (Ca)
and Barrage (B) are the six sampling stations used in this study.
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a final concentration of 10 mg ml�1 of lysozyme). The
tubes were incubated at 37 1C for 1 h. Proteinase K
(0.5 mg ml�1) and 1% sodium dodecyl sulfate were
then added, and the tubes were placed in a water bath
at 40 1C and left overnight. After a phenol–chloroform
extraction, and ethanol precipitation, the DNA ex-
tracted was stored at �40 1C until used.

The ITS sequence of the rRNA operon was
amplified in each DNA extract. The 50-ml PCR
mixtures contained 10–100 ng of template DNA, a
100-mM concentration of each of the four deoxyr-
ibonucleotide triphosphates, 5� PCR reaction buf-
fer, a 200 mM concentration of MgCl2, 0.4 mM of each
primer (forward primer: 50-TGTAAAACGACGGCCA
GTCCATGGAAG(CT)TGGTCA(CT)G-30; reverse
primer: 50-CCTCTGTGTGCCTAGGTATCC-30; Iteman
et al., 2005) and 1 U of Taq DNA Polymerase (GoTaq
Flexi DNA Polymerase; Promega, Madison, WI,
USA). The DNA template and a negative control
were subjected to an initial denaturing step at 95 1C
for 10 min. The following 35 cycles consisted of a
30 s denaturing step at 95 1C, a 30 s annealing step at
60 1C and a 60 s extension step at 72 1C. A final 7 min
extension step was carried out at 72 1C. Amplifica-
tions of the target region were checked by electro-
phoresis on a 1.5% agarose gel stained with
ethidium bromide. In every sample, a single band
was observed by electrophoresis, which is consis-
tent with the fact that the ITS sequence is the same
in the two rRNA operons present in Microcystis
(Janse et al., 2003; Humbert et al., 2005).

Positive PCR products were purified before clon-
ing using the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany) according to the protocol
provided with the kit. Purified PCR products were
cloned in pGEM-T vector system II (Promega)
according to the manufacturer’s instructions (1:1–
2:1 molar ratio of the PCR products to the vectors).
Between 40 and 50 white colonies were randomly
picked from each clone library for the sequencing,
which was performed by GATC Biotech using
commercial SP6 (50-TAGGTGACACTATAGAATAC-
30) primer. For further analyses, we used only the
sequences sharing 495% identity with the M.
aeruginosa, Microcystis viridis, Microcystis wesen-
bergii, Microcystis ichthyoblabe and Microcystis
novacekii sequences from GenBank. DNA–DNA
hybridization experiments (Otsuka et al., 2001)
suggest that all these species are conspecific. All
nucleotide sequences have been deposited in the
GenBank-EMBL database under the accession num-
bers EU867825-EU868608.

The sequences were aligned using ClustalW in
Mega4 software (Tamura et al., 2007), and manually
corrected in GeneDoc (Nicholas and Nicholas,
1997). A minimum spanning tree, which connects
all genotypes together with the lowest total cost was
constructed using BioNumerics software (Applied
Maths) using the default setting. Estimations of
nucleotide diversity, analyses of molecular variance
(AMOVA), and pairwise FST calculations were

performed using Arlequin software v3.0 (Excoffier
et al., 2005). The AMOVA approach makes it
possible to study the genetic structure of popula-
tions in an analysis of variance framework taking
into account the number of mutations between
genotypes. We compared three groups of popula-
tions, which were defined on the basis of the
sampling dates (24 May, 8 June and 22 June).

Finally, a Multidimensional scaling (MDS) analy-
sis of the genotypic composition of each sample was
performed using XLStat software (Addinsoft). This
analysis represents the similarities between all the
sampling points at each sampling date in a two-
dimensional graph.

Multiplex real-time PCR
The proportion of mcy genotypes in the Microcystis
population was determined by a real-time PCR
analysis. Two target gene regions were used: the
intergenic spacer region within the phycocyanin
(PC) operon and the mcyB region, which carries out
one step in MC biosynthesis (Tillett et al., 2000), and
was located between core motifs A2 and A3
(Marahiel et al., 1997). The primers and probes used
for the PC and mcyB genes (listed in Table 1), which
are specific for Microcystis, are those described
previously by Kurmayer and Kutzenberger (2003).
Fluorescent reporter and quencher dyes for probe
of PC gene were modified (from 50-FAM and
30-TAMRA to 50-CYA and 30-BHQ-2) to perform
mutiplex real-time PCR and to discriminate between
the two amplifications in a same run.

Amplification by real-time PCR was carried out
using an Mx3005P thermal cycler (Stratagene,
Amsterdam, the Netherlands). All the reactions
were performed with 20-ml volumes in 96-well
plates (Stratagene). The multiplex reaction mix
contained 10 ml of 2� QuantiTec Probe PCR kit
mix (Qiagen), a 300-nM (300 fmol ml�1) concentration
of each primer, a 100-nM concentration of the
TaqMan probe for PC gene amplification and a

Table 1 Real-time PCR primers and probes used in this study

Gene region
and primers
or probes

Sequencea (50–30)

mcyB region:
30F CCTACCGAGCGCTTGGG
108R GAAAATCCCCTAAAGATTCCTGAGT
Probe FAM-CACCAAAGAAACACCCGAATCTGAGA

GG-TAMRA

PC gene region:
188F GCTACTTCGACCGCGCC
254R TCCTACGGTTTAATTGAGACTAGCC
Probe CYA-CCGCTGCTGTCGCCTAGTCCCTG-

BHQ-2

Abbreviation: PC, phycocyanin.
aFAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhoda-
mine; CYA, 5-indocarboxycyanine; BHQ-2, black hole quencher-2.
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900-nM concentration of each primer, a 250-nM

concentration of the TaqMan probe for mcyB and
2ml of template containing various amounts of
genomic DNA. The mix was then filled to 20 ml with
sterile Millipore water. Each sample was prepared in
triplicate. Negative controls without DNA were
included for each PCR run. The temperature cycle
consisted of an initial preheating step of 15 min at
95 1C, followed by 40 cycles of 30 s at 95 1C
(denaturing), 1 min at 60 1C (annealing) and 30 s at
72 1C (extension). For data analysis, the threshold
for the fluorescence of all the samples was set
manually to 132 (relative fluorescence) for PC gene
amplification, and to 665 for mcyB amplification to
obtain the best PCR efficiency using linear–log
calibration curves. The sizes of the amplicons were
66- and 78-bp for the PC and mcyB genes, respectively.

We used a novel method, the change in threshold
cycle (DCT; Briand et al., 2008a), to estimate the
relative proportion of the mcyB subpopulation in
the Microcystis population by a single multiplex
real-time PCR. We had tested the reproducibility
of the method beforehand by applying it to several
MC-producing Microcystis strains. Standard curves
for the PC and mcyB genes were constructed using the
genomic DNA of eight MC-producing Microcystis
strains PCC 7806, 7813, PCC 7820, PCC 7941, PCC
9354, PCC 9355, PCC 9443 and PCC 9808. For each
strain, serial dilutions containing 1.1� 101, 1.1,
1.1� 10�1, 1.1� 10�2, 1.1� 10�3, 1.1� 10�4 and
1.1� 10�5 ng of the genomic DNA ml�1 were pre-
pared. The standard curves were established by
relating the known quantity of DNA (in pg) to the
threshold cycle (CT) number (the cycle number at
which the fluorescence exceeds the threshold) for
each diluted sample (Table 2 and Figure 2a). For
both genes, highly significant linear plots of the
amounts of genomic DNA of the Microcystis strains

versus the CT numbers were obtained. The regres-
sion equations, and the resulting DCT between the
two genes (DCT¼CT for the PC gene�CT for mcyB)
are shown in Table 2. We found that there was a
narrow range of DCT values (with a mean DCT value
of �2.14±0.36) for all eight MC-producing Micro-
cystis strains. As the CT decreases by 1 when the
quantity of DNA decreases by 50%, the following
equation was deduced from the DCT values theore-
tically calculated for proportions of mcyB genotype
strains of 100%, 50%, 25% and 12.5% of the
population: y¼ 3.32� log (x)�8.78, where y is the
DCT, and x is the initial percentage of the mcyB
genotype strains.

This theoretical DCT equation was experimentally
validated with samples containing a mix of the MC-
producing strain PCC 7806, and the non-MC-produ-
cing strain PCC 9806. Five samples containing
12.5%, 25%, 50%, 75% and 100% of the MC-
producing strain, respectively, were tested, and the
DCT for each percentage was calculated (Figure 2b1).
The resulting DCT equation (y¼ 3.27� log (x)�8.53;
Figure 2b2) was similar to the theoretical DCT

equation (y¼ 3.32� log (x)�8.78), which validates
our approach.

For each run of samples, serial dilutions contain-
ing 1.1� 101, 1.1, 1.1� 10�1, 1.1� 10�2, 1.1� 10�3,
1.1� 10�4 and 1.1� 10�5 ng of the genomic DNA ml�1

were prepared from the DNA extract of an MC-
producing M. aeruginosa strain to serve as external
standards for the real-time PCR. The DCT method
was applied at each time point (Briand et al., 2008a),
and an equation was deduced from the DCT values
theoretically calculated for proportions of MC-
producing strain corresponding to 100%, 50%,
25% and 12.5% of the population: y¼ a log(x)�b,
where y is the DCT and x is the initial percentage of
MC-producing strain.

Table 2 Regression equations for the PC and mcyB genes and values of DCT

Microcystis strain Regression equation for the PC gene Regression equation for the mcyB gene DCT

PCC 7806 y¼�3.09� log (x)+29.25 y¼�3.35� log (x)+32.02 �2.77
(R2¼0.99; n¼ 3; Po10�3) (R2¼0.99; n¼ 3; Po10�3)

PCC 7813 y¼�3.03� log (x)+28.83 y¼�3.09� log (x)+30.97 �2.14
(R2¼0.99; n¼ 4; Po10�4) (R2¼0.99; n¼ 4; Po10�4)

PCC 7820 y¼�2.91� log (x)+27.31 y¼�2.96� log (x)+29.30 �1.99
(R2¼0.99; n¼ 5; Po10�4) (R2¼0.99; n¼ 5; Po10�4)

PCC 7941 y¼�3.06� log (x)+28.82 y¼�3.17� log (x)+30.66 �1.84
(R2¼0.99; n¼ 3; Po10�3) (R2¼0.99; n¼ 3; Po10�3)

PCC 9354 y¼�2.98� log (x)+28.37 y¼�3.13� log (x)+30.64 �2.27
(R2¼0.99; n¼ 3; Po10�3) (R2¼0.99; n¼ 3; Po10�3)

PCC 9355 y¼�2.84� log (x)+27.82 y¼�2.90� log (x)+29.85 �2.03
(R2¼0.99; n¼ 4; Po10�4) (R2¼0.99; n¼ 4; Po10�4)

PCC 9443 y¼�3.02� log (x)+28.82 y¼�3.00� log (x)+30.42 �1.60
(R2¼0.99; n¼ 3; Po10�3) (R2¼0.99; n¼ 3; Po10�3)

PCC 9808 y¼�2.61� log (x)+29.03 y¼�2.73� log (x)+31.49 �2.46
(R2¼0.97; n¼ 3; Po10�3) (R2¼0.97; n¼ 3; Po10�3)

Mean DCT �2.14

Abbreviation: PC, phycocyanin.
The regression equations were based on predetermined DNA concentrations of MC-producing Microcystis strains, where y is the CT value and x is
the starting concentrations of DNA (in pg).
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Results

Variations in the abundance of M. aeruginosa in the
Grangent reservoir
Throughout the survey, the sites located in the
upstream part of the Grangent reservoir (for example

Revotes and Chatelet) were always characterized by
low M. aeruginosa cell densities (o1.6� 106 cells l�1),
and most of the highest Microcystis cell numbers
occurred in the middle and downstream parts of the
reservoir (Figure 3). The M. aeruginosa bloom began
to develop in early May at the Lizeron sampling
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Figure 3 Spatiotemporal changes in the Microcystis cell density (number of cells l�1) in the Grangent reservoir.
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point, which is located in the middle part of the
Grangent reservoir (there was a rise from 7.4� 103

cells l�1 on 18 April to 1.3� 106 cells l�1 on 9 May).
By the end of May, the Microcystis cell densities
were very similar at all the sampling points. The
first cell abundance peak (9.2� 107 cells l�1) was
found on 8th June, at the Anse sampling point, and a
second peak 15 days later at the Barrage sampling
point, which is located not far from the dam (cell
density: 18� 107 cells l�1). Two weeks later (5 July),
the bloom had declined throughout the reservoir,
and cell abundances remained at a very low level for
the rest of the summer.

Changes in the proportions of the mcyBþ and
mcyB� genotypes during the M. aeruginosa bloom
The changes in the relative proportions of the
mcyBþ and mcyB� genotypes during the
M. aeruginosa bloom were estimated using a multi-
plex real-time PCR of the mcyB and PC genes
(Figure 4). We found that the proportions of mcyBþ
genotypes varied considerably over time, and be-
tween different sites (ranging from 6% to 93% in the
M. aeruginosa population). However, it appeared
that at the scale of the entire reservoir the highest
proportions of mcyBþ genotypes were found at the
beginning of the bloom (from 60% to 93% of the
whole M. aeruginosa population), and also 4 weeks
after the decline of the bloom, in August (Figure 4).
On the other hand, the lowest proportions of
mcyBþ genotypes were found at the height of the
M. aeruginosa bloom, and just after the decline of
the bloom (a fall of between 6% and 58% in the
M. aeruginosa population; Figure 4).

Looking at each sampling site in more detail, it
also emerged that there were some differences in the
dynamics of the proportions of mcyBþ genotypes at
the different sampling points. For example, at the
Camaldules station, there was an initial increase in
the proportions of mcyBþ genotypes followed by a
very marked decrease at the peak of the bloom. On

the other hand, the proportion of mcyBþ genotypes
at the Revotes sampling station did not display any
major change at any time during the study.

Changes in the genotype composition of the
M. aeruginosa population based on the sequencing
of the ITS of the rRNA operon
In all, 784 ITS sequences were obtained during be
sequencing, and 306 different genotypes were
identified, in which each genotype differed by at
least one mutation from all other genotypes. Twenty-
seven of these genotypes were found in at least two
different samples, and three (C1, C2 and C3) of these
27 genotypes were found in almost all the samples,
and contained a total of 411 sequences. The
minimum spanning tree approach (Figure 5) high-
lighted the presence of three main groups of
genotypes, which were separated by high genetic
distances. Moreover, it appeared that the three
dominant genotypes (C1, C2 and C3) were located
in the center of these three main groups, implying
that the numerous genotypes located at the periph-
ery were only distinguished from the three main
genotypes by a very restricted number of mutations.
Using a neighbor-joining approach (data not shown),
we found that the three dominant genotypes, and
the rare genotypes associated with each of them,
constituted three very distinct groups.

The changing nature of the genotype composition
of the Microcystis population during the develop-
ment of the bloom was characterized by marked
changes in the proportions of these three dominant
genotypes (Figure 6). Before the bloom (24 May), the
C1 and C2 genotypes dominated the Microcystis
population at all sampling points, and there was
no difference between the five sampling sites,
as revealed by the FST P-values, which were not
significantly different from 0 (¼no significant
difference in the genotypic composition of each
sample; Supplementary Table S1). At the time of the
peak Microcystis biomass (22 June), apart from the
Chatelet sampling point, where the C1 and C2
genotypes were present in roughly the same propor-
tions as C3, there was no genetic difference between
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the other four sampling points, which were all
characterized by the dominance of the C3 genotype
(FST P-values not significantly different from 0).
Between these two times (8 June), when there had
been an initial increase of cyanobacterial abundance
at the Anse sampling point, the genotype composi-
tion of the Microcystis population was characterized
by marked spatial differences, as shown by the FST

P-values, most of which were significantly different
from 0. At this time, four main genotypes (C1, C2, C3
and C4) were found in very variable proportions at
the different sampling points. Finally, significant
genetic differentiation (Po0.01) was detected by
AMOVA analysis when the three groups of popula-
tion defined on the basis of the sampling date
(24 May, 8 June and 22 June) were taken into account.
After the bloom, the proportions of the C3 genotype
declined sharply at the Grangent sampling point.

An MDS analysis performed on the distribution of
the 27 genotypes identified in at least two samples,
provided an overall picture of the similarities and
differences between the different sampling points
on the basis of their genotype composition. As
shown in Figure 7, the dispersal of the results for the
different sampling points was much greater on 8
June than it had been before the first increase in
Microcystis cell abundance was seen (24 May), and
also than at the subsequent peak cell abundance (22
June). This analysis showed that the Barrage
sampling station differed most from the others
before the bloom. On the other hand, during the
bloom, it was the Chatelet sampling point, which is
located in the upstream part of the reservoir that
stood out most from the other four sampling points.

Finally, we also found that there was a significant
negative correlation (R2¼ 0.64; n¼ 15; Po10�3)
between changes in the proportions of the C3
genotype, and of the mcyBþ genotypes in the
Microcystis population (Figure 8).

Discussion

This study is, to the best of our knowledge, the
first to describe both the spatial aspects of the
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development of a bloom-forming M. aeruginosa
population in a large freshwater ecosystem, and the
simultaneous changes that occur in the genotype
composition of this population and in the pro-
portions of potentially MC-producing mcyBþ geno-
types. The main questions we set out to answer were
whether some specific genotypes were selected
during bloom development and, if so, whether this
selection was linked to changes in the potential
toxicity of the cyanobacterial population, and finally,
whether these phenomena occurred at the scale of
the whole reservoir or only in restricted areas.

During this study, the Microcystis cell numbers in
the Grangent reservoir were characterized initially
by a sharp increase in Microcystis cell abundance
from May 2007 to the end of June, and then by
a sharp decrease in these cell densities. This
unexpected decrease during the summer can
be explained by the unusual weather recorded in
this region in July 2007, with cold temperatures and
high rainfall for the season (data not shown). With
different environmental conditions in July, much
greater cell densities would probably have been
obtained, as observed in this reservoir in 2005 for
example (Latour-Duris, personal communication).
Despite this, this survey provided us with an
opportunity to estimate how a Microcystis bloom
grows and moves at the scale of an entire ecosystem.
Our findings identified marked spatial variations
during the development of the bloom, which was
characterized by higher cell abundances in the
middle and downstream parts of the reservoir. As
in other studies (for example Hotto et al., 2007;
Moreno-Ostos et al., 2008), this heterogeneous
spatial distribution of Microcystis biomass might
have been generated by greater cyanobacterial
growth in areas where conditions for growth were
better, or by displacement of the population by
currents or winds, leading to an accumulation of a
high cyanobacterial biomass in some areas. Some
findings from the ITS genotyping suggested that
both these processes were probably involved in the
heterogeneous distribution of Microcystis biomass
in the Grangent reservoir. For example, the fact that

at the peak of the bloom the dominant genotype (C3)
was first selected in the downstream part of the
reservoir, suggests that this area was very important
for the development of the bloom. However, a clear
demonstration of the relative importance of these
two processes would require more intensive sam-
pling in space and in time.

These findings highlight, the fact that, as already
pointed out by Chorus and Fastner (2001), multi-
point sampling provides a better estimate and better
understanding of the population dynamics of cya-
nobacteria in freshwater ecosystems, both in mon-
itoring surveys and basic research. This could be
very important, for instance, in studies trying to link
changes in cyanobacterial biomass to changes in
potential toxicity, and may account for some of the
contradictory findings reported in the literature on
this topic (see for example the review of Kardinaal
and Visser, 2005).

It is interesting to compare our findings regarding
the changes in the ITS genotype composition of the
Microcystis population during the bloom with the
data available about the genetic diversity of other
cyanobacterial species. Indeed, we found that three
clearly phylogenetically distinct genotypes (C1, C2
and C3) dominated the Microcystis population, but
also that there were many other rare genotypes
closely related to these three dominant genotypes,
as revealed by the minimum spanning tree. It is
probable that some of these rare genotypes were
generated by PCR or sequencing bias, but some
others could also reflect the existence of major
microdiversity within the Microcystis population.
Such microdiversity has previously been identified
in another cyanobacterial genus, Prochlorococcus
(Fuhrman and Campbell, 1998; Moore et al., 1998),
and associated with different ecotypes that allow
Prochlorococcus to occupy a wide range of environ-
mental conditions. As Microcystis is distributed
worldwide, we could expect this genus also to
contain different ecotypes that are able to grow
under very diverse environmental conditions.
Finally, this finding is also interesting in the light
of data available about the genome of this genus.
Two Microcystis strains have recently been se-
quenced (Kaneko et al., 2007; Frangeul et al.,
2008), and Frangeul et al. (2008) have shown that
the genome of this genus seems to be highly plastic,
allowing to Microcystis to promote diversification.

Concerning the relationships between the changes
occurring in the ITS genotype composition, and
those in the proportions of potentially MC-produ-
cing and non-MC-producing genotypes, it appeared
that replacement of the two initially dominant ITS
genotypes (C1 and C2) in the population by a third
genotype (C3) was concomitant with a decrease in
the proportions of mcyBþ genotypes, and also with
the increase in Microcystis cell abundance. More-
over, the negative correlation between changes in
the proportions of the C3 genotype, and in the
mcyBþ genotypes in the Microcystis population
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suggests that the ITS C1 and C2 genotypes, which
were dominant before the bloom, were possibly
mcyBþ genotypes. These findings also suggest that,
under environmental conditions favorable for cya-
nobacterial growth, the ITS C3 genotype displayed
greater fitness than the other ITS genotypes, and that
this C3 genotype may have been a mcyB� genotype.
This association between the ITS genotypes and
their potential ability to produce MCs is consistent
with the paper of Janse et al. (2004), which
demonstrated a close link between the ITS genotype
of several Microcystis colonies and their ability to
produce MCs. Some differences were found between
the different sampling sites in the evolution of the
proportions of mcyBþ genotypes in the Microcystis
population. We are not able to provide any
good explanation for these differences, but we think
that it is more interesting to take into account the
overall change in proportions, to minimize all
the sources of bias (from sampling to real-time
PCR) that could have influenced the estimation of
these values.

The fact that favorable environmental conditions
for Microcystis growth seems to lead to the selection
of non-toxic genotypes is consistent with field
survey data showing a negative relationship be-
tween the cyanobacterial biomass and the average
MC cell content during the development of cyano-
bacterial blooms (for example Kardinaal and Visser,
2005), and also with the recent paper of Briand et al.
(2008a) demonstrating a negative correlation
between the cell abundance and the proportion
of potentially MC-producing genotypes during a
P. agardhii bloom. Moreover, two experimental stu-
dies have recently demonstrated for M. aeruginosa
(Kardinaal et al., 2007) and P. agardhii (Briand et al.,
2008b), respectively, that under environmental con-
ditions favorable for cyanobacterial growth, the
fitness of non-MC-producing strains was greater
than that of MC-producing ones.

In this paper we did not set out to investigate what
happens after the bloom in the Microcystis popula-
tion, but our data do shed some light on this. The
first finding is that after the decrease in Microcystis
abundance (July 2007), the proportions of toxic
genotypes initially remained unchanged, before
increasing to reach the same level as before the
bloom there also appeared to be a concomitant
decrease in the proportion of the ITS C3 genotype,
and an increase in that of the C1 and C2 genotypes,
which is consistent with the increase in the
proportions of mcyBþ genotypes after the bloom.
These initial findings seem to indicate that the
mortality of Microcystis cells was higher among cells
with the C3 genotype than among those with the C1
and C2 genotypes. This confirms that under un-
favorable conditions for cyanobacterial growth,
potentially MC-producing genotypes may have
greater fitness than non-MC-producing ones, as
previously reported for P. agardhii (Briand et al.,
2008a, b).

To conclude, in addition to providing some
answers to our initial questions concerning the
spatial development of a bloom in a large reservoir,
and the changes occurring in the genotypic compo-
sition during the course of the bloom, this study
also provides new evidence that MC-producing
and non-MC-producing cyanobacterial cells may
display different fitness depending on the environ-
mental conditions. The high proportions of MC-
producing genotypes found before and after the
bloom, when conditions for growth were not
optimal, and conversely, their decrease during the
bloom, when environmental conditions favored
cyanobacterial growth, suggest that the benefits of
producing MCs are particularly great under envir-
onmental conditions that limit cell growth. How-
ever, it also suggests that the cost of the MC
production outweighs its benefits when environ-
mental conditions promote good cyanobacterial
growth.
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