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ABSTRACT: Blooms of Microcystis aeruginosa occurred in summer months for several years in the
reservoir of Grangent (France). Disappearance of planktonic colonies in autumn does not necessarily
mean the end of the life cycle for cyanobacteria, and part of them sink down to the sediment.
Frequency of dividing cells (FDC) of benthic M. aeruginosa was measured under experimental
hypolimnetic conditions in winter and in spring (darkness and temperature = 4 or 8°C) to show
overwintering survival and difference between seasons. Enzymatic activity (viability) of benthic
cyanobacteria was controlled in situ in winter and spring. Our study revealed that in winter (4°C),
benthic colonies continued to divide, with low FDC (mean % = 13.49) and low enzymatic activity
(mean ratio carboxyfluorescein diacetate [CFDA] fluorescence:autofluorescence = 1.27). In contrast,
when temperature increased in spring (8°C), the viability values significantly increased (mean ratio =
3.78), and a rhythmic increase of FDC appeared every 8 h with maximum of ca. 27.5%. This corresponds to an ultradian rhythm of division, which provides strong evidence that benthic cells were
under the control of an endogenous component synchronized by an internal clock. Our results
suggest that hypolimnetic temperature plays an important role in the return of the active form of
M. aeruginosa in spring.
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Cyanobacteria often dominate the algal community
of eutrophic water bodies during summer months.
These populations proliferate in many temperate and
tropical lakes, with an increase in nutrient loading.
Microcystis aeruginosa represents a meroplanktonic
species that may bloom in the water column and may
also accumulate in sediments (Dussart 1992, Pourriot &
Meybeck 1995, Latour 2002). Environmental factors
seem to control the annual cycle and the abundance of
this cyanobacterium (Reynolds 1973, Reynolds &
Walsby 1975, Reynolds et al. 1981).
The Grangent reservoir provides an excellent example of an artificial lake where phytoplankton is usually
dominated by Microcystis aeruginosa. Located near
Saint-Etienne, in the upper part of the river Loire, it

was created in 1957. The surface is 365 ha, and the
length is 21 km, with a maximum width of 400 m, a
maximum depth of 50 m and a capacity of 57.4 ×
106 m3. The lake constitutes a significant water reservoir for energy production and the irrigation of the
Forez plain. Moreover, the nautical station of SaintVictor-sur-Loire is a popular tourist site. Since 1970
external phosphorus loads have been causing the
hypereutrophication of the reservoir (Devaux 1992).
This dystrophy led to the formation of M. aeruginosa
blooms for several years (Berthon et al. 1996).
Cyanobacterial blooms degrade the recreational value
of surface water and are especially implicated in
health problems linked to the toxicity of strains of
M. aeruginosa (Carmichael 1996, Jacoby et al. 2000).
In temperate lakes, Microcystis aeruginosa appears
in the water column at the end of the spring. This
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cyanobacterium forms blooms during the summer
period and becomes dominant for 2 to 3 mo. Colonies
then sink and reach the sediment in autumn (Reynolds
et al. 1981, Takamura et al. 1984, Thomas & Walsby
1986). During the winter, colonies remain in the
sediment as vegetative cells (Fallon & Brock 1981,
Reynolds et al. 1981, Brunberg & Bostrom 1992). The
survival of colonies over the winter may provide an
inoculum for the water column in spring (Fallon &
Brock 1981, Imamura 1981, Reynolds et al. 1981). Preston et al. (1980) showed that some benthic overwintering colonies were photosynthetically active, but few
characteristics in the overwintering populations have
been studied.
The aim of the present study was to follow the overwintering survival and, more specifically, the seasonal
changes in cell viability and the frequency of dividing
cells (FDC) of benthic Microcystis aeruginosa.

MATERIALS AND METHODS
Frequency of dividing cells (FDC). We used the FDC
method described by Hagström et al. (1979) to determine growth rates of Microcystis aeruginosa. This
method is based upon the relationship between the
number of cells in a given stage of division and the
growth rate, which is directly linked to the FDC and
the duration of a cell division. A cell was considered to
be dividing from when the cell wall began invagination until 2 visibly distinct cells could be identified
(Waterbury et al. 1986, Carpenter & Campbell 1988;
Fig. 1). The FDC method has been used by microbial
ecologists to determine growth rates of Synechococcus

Fig. 1. Microcystis aeruginosa. Dividing cells of samples from
Grangent reservoir at 40 m depth. Arrows indicate microscopic observation of benthic cells with an obvious cell wall
constriction (×600)

strains, picocyanobacteria, and bacteria (Newell &
Christian 1981, Carpenter & Campbell 1988, Pick &
Bérubé 1992, Agawin & Agusti 1997, Tuomi 1997); to
our knowledge, however, the method has never been
used on benthic colonies of M. aeruginosa.
Four laboratory experiments were also performed in
different seasons of 2001 to study the FDC of benthic
colonies of Microcystis aeruginosa. Results were verified
by additional experiments in 2002. Sediment samples
containing benthic colonies of M. aeruginosa were collected at 40 m depth in winter, when the hypolimnetic
water temperature was 4°C (2 experiments in February
2001) and in spring, when the hypolimnetic water temperature was 8°C and before planktonic forms were
observed (one experiment in May 2001, the other in June
2001). For each experiment, two 10 l sediment samples
were maintained for 26 h in the laboratory in a constant
environment similar to natural benthic conditions (i.e.
darkness; 4 and 8°C respectively for experiments conducted in winter and spring). Subsamples of sediment
(150 ml) were collected every 90 min and preserved
immediately with 10% formaldehyde. Aliquots (40 to
50 ml) were diluted with water (1⁄10) and filtered through
a 50 µm filter. Under a binocular magnifier, cyanobacterial colonies were isolated, rinsed several times in water
and then placed in Eppendorf tubes with 0.5 ml of water.
Rapid disruption (<1 min) of the colonial structure of M.
aeruginosa was conducted by ultrasonic vibrations (ultrasonic processor at 20 kHz) (Reynolds & Jaworski
1978). Cyanobacterial cells were observed with an epifluorescence microscope using green excitation (510 to
560 nm). A preliminary study with a total of 50, 100, 200,
300, 400 and 500 cells allowed us to determine the number of cells to count to obtain repeatable results. The
FDC percentage was calculated from a total number of
200 to 300 cells. A complementary study was performed
in 2002 to verify maxima of FDC measured in 2001 using
the same methods.
For each FDC experiment, data were collected from
16 subsamples of sediment from the benthic sediment
reserve maintained in constant conditions. We obtained 4 temporal series (2 in winter conducted at 4°C
and 2 in spring conducted at 8°C). First, a comparison
between winter and spring FDC values was performed
using a t-test for independent variables. Second, in
every series, winter and spring values were analysed
by a 1-way ANOVA. Significant ANOVA results were
further analyzed with a posteriori pairwise comparisons (Fisher test).
In situ experiment: cell viability. The viability of
benthic cells was observed with sediment samples collected weekly in situ, at 40 m depth, during spring and
winter of 2001, at a fixed sampling time. This phenomenon was determined by flow cytometry. Analysis was
performed using a FACSvantage SE flow cytometer
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equipped with an argon ion laser (488 nm) for excitation. Detectors used were side scatter (SSC), forward
scatter (FSC) and fluorescent detectors 1 to 3. The cell
viability was measured using the fluorogenic ester
CFDA (carboxyfluorescein diacetate), which is more
readily retained by viable cells than is FDA (fluorescein diacetate), and less susceptible to bleaching
(Diaper & Edwards 1994). CFDA passes through cell
membranes and is hydrolysed by intracellular
esterases to produce fluorescein. Such esterases are
common enzymes in viable cells of both plants and animals. To minimize potential interference from other
organisms, sediment samples were prepared before
each analysis: each sample was diluted (1⁄10) with water
and then filtered through a 50 µm filter; then, only
Microcystis aeruginosa colonies were taken from the
filter, rinsed 3 times in water, and placed in an Eppendorf tube with 0.5 ml of water. This cyanobacterial
solution was homogenized by ultrasonic vibrations for
1 min (Reynolds & Jaworski 1978). Each sample was
analysed 2 times by flow cytometry. The first analysis
was performed prior to the addition of CFDA to determine natural autofluorescence, which is regarded as
‘noise’ in flow cytometric assays (Mosiman et al. 1997)
and must be determined to allow comparison of different samples. The second analysis was performed after
exposure to CFDA. Of the homogeneous cyanobacterial solution, 150 µl was incubated with 5 µl of a stock
solution of CFDA (1 mmol l–1 in dimethyl sulphoxide
[DMSO]) for 20 min at 20°C (Diaper & Edwards 1994).
M. aeruginosa cells were discriminated on a cytogramme using side scatter and red fluorescence (FL3).
For this purpose, values of red fluorescence from

M. aeruginosa exceeded 102 in the FL3 axis (Fig. 2).
A data file containing 20 000 events was recorded for
each sample.
An estimate of Microcystis aeruginosa enzymatic
activity was performed using the signal to noise ratio
(Mosiman et al. 1997, Bunthof & Abee 2002), which is
CFDA fluorescence:natural autofluorescence. This
method limits the fluorescence variation due to the
flow cytometer sensitivity and allowed comparison
between experiments (Robinson et al. 1997).
Enzymatic activity data represented 8 measurements in situ (4 in winter and 4 in spring). These 2 data
groups (winter and spring) were statistically compared
with 1-way ANOVA analysis.

Fig. 2. Microcystis aeruginosa. Typical cytogram obtained
with flow cytometry (FCM) to identify benthic population
(circle corresponds to M. aeruginosa population; FL3: red
fluorescence [675/25 nm]; SSC: side scatter)

Fig. 3. Microcystis aeruginosa. Diel patterns of dividing cells
in benthic populations in continuous darkness in 2001. Ultradian rhythm in frequency of cell division is observed only in
spring (8°C)

RESULTS AND DISCUSSION
Frequency of dividing cells (experimental method)
A comparison of mean FDC values indicated no significant difference (p = 0.10) between winter (13.49%)
and spring (16.05%). However, dynamics of dividing
benthic Microcystis aeruginosa appeared to differ
between these 2 seasons.
During spring, at 8°C, there were significant changes
in FDC (p = 7.10– 4, ANOVA). A posteriori pairwise comparisons showed that there were 3 high values that differed significantly from others (p < 0.05). These 3 peaks
in cell division were consistently found at ca. 8 h intervals (01:30 h: 27.44%, 09:00 h: 27.5%, and 16:30 h:
27.35%; Fig. 3), and did not differ among themselves.
The lowest spring values (6.5 to 8%) were observed
at 04:30, 12:00 and 21:00 h. This revealed a rhythmic
pattern of FDC that occurred at intervals of approximately every 8 h in constant temperature and total
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Table 1. Microcystis aeruginosa. Frequency of dividing cells
(FDC) in a benthic population obtained in 2002 to verify
maxima of FDC measured in 2001 experiment
Time
(h)

Winter 2002 (4°C)
% of dividing cells

Spring 2002 (8°C)
% of dividing cells

09:00
12:00
16:30

14.00 ± 0.85
18.33 ± 0.36
10.33 ± 1.05

33.4 ± 0.95
10.9 ± 1.73
28.4 ± 1.50

darkness. The spring 2002 study also showed the same
8 h periodicity of FDC maxima, and values ranged
from 28.4% (at 16:30 h) to 33.4% (at 09:00 h) (Table 1).
The rhythm of division corresponds here to an ultradian one (i.e. a periodicity of 0 to 20 h). Contrary to the
observations of Carpenter & Campbell (1988), Sweeney & Borgese (1989) and Pick & Bérubé (1992), who
observed that rhythms of division in picocyanobacteria
and Synechococcus were synchronized by the lightdark cycle, our data suggest that the FDC in Microcystis aeruginosa was under the control of an endogenous component. It can therefore be asserted that an
internal clock synchronizes the phenomenon. Genetic
experimentations should be performed to demonstrate
which gene(s) was (were) implicated.
In contrast, no statistically significant changes in
FDC (p = 0.40) were observed in winter (at 4°C)
(Fig. 3), when the percentage of dividing cells varied
between 9 and 19%. We speculate that the difference
between spring and winter results could be the result
of the lower temperature in the hypolimnion in winter
(4°C) than in spring (8°C). Indeed, temperature is a factor frequently used by different organisms to control
their endogenous rhythmicity (Balzer & Hardeland
1988). Temperature differences of 1°C were reported
to synchronize a rhythm in plant cells (Oltmanns
1960), and low temperature could lead to the
disappearance of an endogenous rhythm. For
example, Njus et al. (1977) showed that the
dinoflagellate Gonyaulax polyedra becomes
arrhythmic below ca. 11.5 to 12°C and starts a
single circadian phase after transfer to permissive temperature. A similar process in benthic
Microcystis aeruginosa could explain the presence of an FDC rhythm in spring and its disappearance in winter, when the temperature at
40 m depth is low.

cence:autofluorescence) of benthic Microcystis aeruginosa in winter and spring. Like FDC, the viability of
benthic colonies varied considerably through the season. There were significant changes in viability values
between seasons (p = 4.10– 3). In winter, the ratio CFDA
fluorescence:autofluorescence was low, and fluctuated
between 1.03 and 1.93 (Fig. 4). This result confirmed
that benthic M. aeruginosa survived in the sediment
(CFDA fluorescence:autofluorescence ratio > 1 confirms the cellular esterase presence and the cell’s
viability) and in total darkness during winter. During
this period the cells are dormant but viable, and have
no known morphological modifications; they can be
referred to as ‘physiologically resting cells’ (Hargraves
& French 1983, Sicko-Goad 1986). In spring, the CFDA
fluorescence:autofluorescence ratio was 2 to 3 times
greater, indicating increased viability corresponded to
an increase in metabolic activity (autofluorescence
remained constant; Table 2). This is probably linked to
higher temperature in spring. Indeed, a threshold
temperature may exist below which cell growth is
reduced. Thomas & Walsby (1986) indicated that at
8°C the rates of protein synthesis in the dark by benthic cyanobacteria were greatly reduced. Moreover,
lower temperature may have been critical, and no significant increases of protein synthesis were recorded
for M. aeruginosa until the temperature had exceeded
7°C (Càceres & Reynolds 1984). M. aeruginosa possesses a physiological and biochemical flexibility that
enhances its chances of survival. In spring, increased
viability allows benthic M. aeruginosa to remain buoyant because of their ability to grow by producing proteins at the expense of carbohydrate (these abilities are
sensitive to the effects of temperature) (Thomas &
Walsby 1986). As a consequence, in spring, when temperatures rise, more specifically when hypolimnetic

Enzymatic activity (in situ study)
FCM (flow cytometry method) analysis
allowed us to compare enzymatic activity (i.e.
viability as indicated by the ratio CFDA fluores-

Fig. 4. Microcystis aeruginosa. Enzymatic activity (viability) of a benthic population estimated weekly in winter (4°C) and spring (8°C) 2001
using flow cytometry (FCM). CFDA: carboxyfluorescein diacetate
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Table 2. Microcystis aeruginosa. Autofluorescence values of
benthic cells estimated weekly in winter (4°C) and spring
(8°C) 2001 using the flow cytometry method (FCM)
Date (d/mo)
13/02
20/02
27/02
6/03
2/05
16/05
29/05
13/06

Autofluorescence values (log data)
5.86
6.3
5.98
6.12
6.1
5.68
5.31
6.46

temperature exceeds 8°C, a part of the benthic
M. aeruginosa colonies could return to the water
column (Latour 2002).
The ability to survive during a long period in darkness and low temperature with the return of rhythmic
cell division in spring depends either on endogenous
respiration of stored carbohydrate (Stanier & CohenBazire 1977), or is linked to the assimilation of exogenous carbon by heterotrophic mechanisms (Reynolds
et al. 1981). Kamjunke & Jähnichen (2000) indicated
leucine incorporation by Microcystis aeruginosa,
which demonstrated its heterotrophic ability. This
latter phenomenon could also be examined by a comparison of the isotopic composition of carbon in benthic
and planktonic cyanobacterial cells. Benthic cell division certainly plays an important role in the reproductive cycle of M. aeruginosa (Hagström et al. 1979), and
potentially increases the benthic inoculum of colonies
contributing to the bloom of next summer.
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