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ABSTRACT: We investigated whether the attachment of clay particles can result in sedimentation of
the buoyant cyanobacteria Microcystis spp. For this purpose, we measured aggregation of clay to
Microcystis spp. in field samples as well as in laboratory cultures of isolated strains. We focused on
how the aggregation of clay to Microcystis spp. is affected by (1) the concentration of suspended clay
particles, (2) the type of clay and (3) the stickiness and extracellular polysaccharide composition of
these cyanobacteria. Our results show that aggregation of clay to Microcystis spp. is largely driven by
mass action. The aggregation rate is proportional to the concentration of suspended clay particles.
Experiments in a Couette chamber showed that aggregation of bentonite clay to Microcystis spp. is
15 to 22 times more efficient than aggregation of kaolinite clay. This reflects the difference in cation
exchange capacity between these 2 clay minerals. Stickiness varied by more than 1 order of magnitude among different Microcystis strains, and showed a significant positive correlation with the
amount of extracellular uronic acids in the slime layer of Microcystis spp. This indicates that uronic
acids play an important role in aggregation, presumably through the formation of cation bridges. Our
results imply that these buoyant cyanobacteria may undergo high sedimentation rates in lakes with
high concentrations of suspended clay.
KEY WORDS: Coagulation · Flocculation · Benthic–pelagic coupling · Transparent exopolymer
particles · TEP · Harmful algal blooms
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Sedimentation is a major loss process in the population dynamics of phytoplankton (Smayda 1970). Sedimentation rates of phytoplankton cells may increase
through aggregation with other suspended particles.
Examples include the aggregation and subsequent
sedimentation of diatoms with transparent exopolymer
particles (Kiørboe et al. 1990, 1994, Engel 2000), and
the aggregation (sometimes also called flocculation) of
phytoplankton cells with clay (Avnimelech et al. 1982,
Søballe & Threlkeld 1988). Aggregation with clay particles may even result in the sedimentation of buoyant
phytoplankton species (Atkins et al. 2001).
The cyanobacteria Microcystis spp. are buoyant
phytoplankton species that generally grow in colonies

ranging in size from several tens to several thousands
of cells. During periods of weak wind mixing, Microcystis spp. colonies float upwards and can form dense
surface blooms in eutrophic freshwater ecosystems
(Reynolds et al. 1981, Huisman et al. 2004, Visser et al.
2005). These surface blooms are a major nuisance in
water quality management, because many Microcystis
strains produce toxins that are harmful to zooplankton,
fishes, birds, cattle, pets and even humans (Huisman et
al. 2005). Microcystis spp. attain their buoyancy from
intracellular gas vesicles filled with air (Walsby 1994).
Despite their buoyant nature, however, large numbers
can be found in lake sediments (Preston et al. 1980,
Reynolds et al. 1981, Verspagen et al. 2005). Buoyant
Microcystis colonies may accumulate sufficient ballast
for sedimentation in at least 2 distinct ways: (1) their
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cells can store an excess of photosynthetic energy as
carbohydrate ballast, which increases cell density and
may thus cause the colonies to sink (Thomas & Walsby
1985, Visser et al. 1995); (2) colonies may aggregate
with suspended particles, which also increases their
ballast, and may lead to sedimentation of the colonies
(Oliver et al. 1985).
Which factors influence the aggregation of Microcystis spp. with suspended particles? Their colonies are
imbedded in mucus, which consists mostly of extracellular polysaccharides (EPS) including high amounts of
anionic sugars such as galacturonic acid (Plude et al.
1991). These EPS excreted by cyanobacteria may act
as flocculants (Bar-Or & Shilo 1988). Anionic sugars, in
particular, are known to adsorb to negatively charged
clay particles through cation bridges (Dontsova &
Bigham 2005). Similarly, Microcystis spp. mucus is
known to adsorb cations (Plude et al. 1991). Therefore,
it is quite likely that the anionic sugar-rich mucus that
surrounds Microcystis spp. colonies facilitates aggregation with clay particles. However, since different
Microcystis strains may contain different concentrations of anionic polysaccharides and since water bodies may differ in their amounts and types of clay and
cations, sedimentation rates due to clay aggregation
may show considerable variation across different
aquatic ecosystems.
In this study, we investigated the sedimentation of
Microcystis spp. arising from aggregation with suspended clay particles. For this purpose, we quantified
the aggregation rates of clay to their colonies, using
field samples consisting of complex mixtures of Microcystis strains as well as individual strains isolated from
lake samples. We focused on how the aggregation of
clay to Microcystis spp. is affected by (1) the concentration of suspended clay particles, (2) the type of clay
and (3) the stickiness and EPS composition of these
cyanobacteria.

MATERIALS AND METHODS
Study site. This study is part of a longer-term study of
the population dynamics of Microcystis spp. in Lake
Volkerak (Verspagen et al. 2004, 2005, 2006), a large
water body of 45 km2, in the Dutch delta, SW Netherlands. Lake Volkerak is a former estuary that was
closed off from the Eastern Scheldt and turned into a
freshwater system in 1987. From the early 1990s onwards, the genus Microcystis has dominated the phytoplankton in this lake, and comprises more than 95% of
the total phytoplankton biomass in summer. The Microcystis community of Lake Volkerak consists of different
species. Most abundant are M. aeruginosa (Kützing)
Kützing and M. flos-aqua (Wittrock) Kirchner, but

smaller numbers of M. ichthyoblabe Kützing and
M. viridis (A. Braun in Rabenhorst) have also been observed. During summer and autumn, large numbers of
Microcystis spp. (hereafter Microcystis) sink and overwinter in the sediments (Verspagen et al. 2005, 2006),
and benthic colonies buried in the sediments still contain gas vesicles and are thus buoyant when the aggregated sediments are removed (Verspagen et al. 2004).
Microscopic observation revealed that clay particles
and particulate organic matter were often attached to
benthic and sinking colonies. The concentration of clay
particles (particles < 2 µm) in Lake Volkerak, monitored
during the years 2000 and 2001, ranged from 0.5 to
4 mg l –1 at the water surface (Netherlands Institute for
Inland Water Management and Wastewater Treatment,
public comm.). Concentrations of suspended matter
typically increase with increasing water column depth,
and can be 1 or 2 orders of magnitude higher in deep
parts of the water column (Weyhenmeyer 1996). Detailed studies of the composition of the clays in Lake
Volkerak are not available. However, the cation exchange capacity (CEC) of clay sediments in the Dutch
delta area is typically ~150 meq kg –1 (De Koning et al.
2000). This resembles the CEC of kaolinite clay (Van
Olphen 1977).
Theory. We developed a simple model on which to
base our experiments, whereby C denotes the concentration of clay minerals, M the concentration of Microcystis colonies without clay, and A the concentration of
Microcystis colonies aggregated with clay. We assume
that the aggregation rate of clay particles to Microcystis colonies is governed by mass action, i.e. it is proportional to the concentration of these colonies and the
concentration of clay. Hence, a simple model of clay
aggregation to Microcystis would be:
dA
= βMC − γ A
dt

(1a)

dM
= −βMC + γ A
dt

(1b)

where β is the specific aggregation rate of Microcystis
and clay, and γ is the specific disaggregation rate of the
Microcystis –clay aggregates. The specific aggregation
rate can be estimated from experiments with high concentrations of clay and Microcystis and very low concentrations of Microcystis –clay aggregates (A ≈ 0). In
this case, according to Eqs. (1a) & (1b), the concentration of Microcystis –clay aggregates should initially
increase linearly in time (t):
A(t) = βMCt

(2)

We assume that clay aggregation is a fast process compared to the growth rate of the Microcystis population.
In other words, within the time scale relevant for clay
aggregation, the total concentration of Microcystis
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(T = M + A) is assumed constant. Solving Eqs. (1a) &
(1b) for equilibrium, under the constraint T = M + A,
yields the equilibrium concentration of Microcystis
colonies aggregated with clay:
A* =

TC
C + γ /β

(3)

This equation shows that the equilibrium concentration
of Microcystis –clay aggregates is a hyperbolic function
of the clay concentration, with a slope βT/γ at low clay
concentrations and asymptotically approaching the
total concentration of Microcystis (T ) at high clay concentrations. In analogy with Michaelis-Menten kinetics, the ratio of γ/β will be called the half-saturation constant for clay aggregation.
Aggregation of Microcystis at different clay concentrations. In our first experiment, we incubated
Strain V145, isolated from Lake Volkerak, with different concentrations of bentonite clay. Strain V145 was
precultured in a flat culture vessel of a light-limited
turbidostat (Huisman et al. 2002). In a turbidostat, the
population density (‘turbidity’) is kept constant at a
desired value, by adjusting the dilution rate until the
desired population density is reached. In our case, the
culture was maintained at an optical density at 750 nm
(OD750) of 0.2 cm–1 to yield a population density that
was sufficiently high for the aggregation experiments.
The culture was provided with a nutrient-rich mineral
medium, containing 82 mg l–1 N and 4.4 mg l–1 P (Van
Liere & Mur 1978). The culture was mixed homogeneously by flushing with air at a low flushing intensity
to prevent disruption of colonies. Temperature was
maintained at 25°C by a water jacket placed against
the culture vessel. Light was provided by 4 fluorescent
tubes (Philips PLL 24 W/84), arranged adjacent to each
other to cover the full front of the culture vessel.
Light intensities (photosynthetically active radiation,
PAR, from 400 to 700 nm) were measured with a
LI-190SA quantum sensor (LI-COR). The incident light
intensity (IIN) and the light intensity penetrating the
cultures (IOUT) were measured at the surface at the
front and back of the culture vessels, respectively.
Average light intensity (IAV) in the cultures was calculated according to Lambert-Beer’s law as:
I AV =

I IN − I OUT
ln ( I IN ) − ln ( I OUT )

(4)

We used an average light intensity of 120 µmol photons m–2 s–1 during the light period and a light:dark
period of 14:10 h.
Aggregation of Microcystis with clays was estimated
from the concentration of sinking cells. In the dark,
Microcystis gain buoyancy by respiration of their carbohydrate ballast (Thomas & Walsby 1985). Samples
were taken from the turbidostat at the end of the dark
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period, to ensure that nearly all Microcystis cells were
buoyant. The samples were diluted with mineral
medium to a concentration of ~70 000 cells ml–1. These
diluted samples were placed in 0.5 l measuring cylinders (height = 22.5 cm, diameter = 5.0 cm), in the dark,
with 3 different bentonite clay concentrations (0.25,
0.50 and 0.75 g l–1). These clay concentrations are likely
to be of a similar order of magnitude as the clay concentrations near the sediment bed of Lake Volkerak, since
concentrations of suspended matter are typically 1 or 2
orders of magnitude higher near the sediment than in
surface water (Weyhenmeyer 1996). At the start of the
experiment, 10 g of clay was dispersed in 100 ml of
demineralised water, and a proper volume of this clay
slurry was added to the cylinder using a pipette. The
clay particles and Microcystis colonies were mixed by
sealing the cylinder with parafilm and gently turning
it upside-down 3 times. Since the experiments were
carried out in the dark, thus preventing carbohydrate
accumulation, sinking of buoyant Microcystis colonies
can be attributed to the attachment of clay. Hence, we
monitored the concentration of sinking Microcystis
cells as an indication of the concentration of Microcystis –clay aggregates (A). For this purpose, the cylinder was sampled at regular time intervals. Sampling
was carried out as long as the concentration of Microcystis particles and the clay concentration (measured as
OD750) remained more or less constant (~5 h), indicating
that the mixture in the cylinder was homogeneously
distributed. Samples were taken once or twice per hour
at a depth of 12.5 cm using a pipette with its tip cut off
to avoid disruption of the cell aggregates. The tip opening had a diameter of 0.5 cm. The samples were transferred to a Sedgewick-Rafter counting chamber, and
were allowed to settle for at least 10 min before the
number of buoyant and sinking Microcystis particles
(cells and colonies) was counted. We used a fluorescence microscope with a filter that only emits light with
a wavelength > 470 nm, showing chlorophyll a fluorescence to discern sinking Microcystis particles from clay
particles. To obtain statistically reliable results, at least
400 particles or 100 grids of the counting chamber were
counted.
Aggregation of Microcystis with different types of
clay. To investigate how aggregation of clay to Microcystis depends on the type of clay, we incubated field
samples of Microcystis with different concentrations
of kaolinite clay (Al2O7Si3 ⋅ 2H2O, 286.25 g mol–1;
Fluka Chemie) and bentonite clay (Al2O3 ⋅ 4SiO2 ⋅ H2O,
360.31 g mol–1; Sigma-Aldrich Chemie). The particle
size distributions of the 2 clays were quite similar, in
the range 3 to 25 µm for kaolinite and 2 to 15 µm for
bentonite. The 2 clays differ in their CEC, which is 30
to 150 meq kg–1 for kaolinite and 700 to 1000 meq kg–1
for bentonite clay (Van Olphen 1977).
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Microcystis colonies were sampled from the surface
water of Lake Volkerak on 22 July and 18 August 2003.
Field samples were stored overnight in the dark. The
following day, aggregation experiments were carried
out in a Couette chamber in complete darkness to
assure maximum buoyancy of the Microcystis colonies
during the experiments. A Couette chamber consists of
an outer rotating cylinder and an inner fixed cylinder
with fluid between the two. Rotation of the outer cylinder produces laminar shear of the fluid and leads to
collision of suspended particles (Kiørboe et al. 1990,
Drapeau et al. 1994). Mean shear (GM; in s–1) in a
Couette chamber can be calculated according to Van
Duuren (1968) as:
GM =

4 πωr2r1
( r22 − r12 )

(5)

where r2 and r1 are the radii (cm) of the outer and inner
cylinder, and ω is the angular velocity (s –1). Our Couette
chamber was designed according to Drapeau et al.
(1994). It had a total length of 17 cm, with an outer radius
of 5.5 cm and an inner radius of 4.4 cm. About 0.6 l of
sample was incubated within the space between the 2
cylinders. In all experiments, GM was set at 31 s –1. We
incubated the field samples in a Couette chamber for
30 min, using a range of different clay concentrations
(0 to 5 g l–1). After incubation, the number of buoyant
and sinking Microcystis cells was counted as described
in the previous subsection. Again, the concentration of
sinking cells was used as an indication of the concentration of Microcystis –clay aggregates.
Stickiness and polysaccharide composition. Cultures of isolated strains: To investigate whether the
stickiness of Microcystis is affected by the composition
of EPS, we selected 5 strains (V40, V101, V130, V145
and V163) isolated from Lake Volkerak. According to
microscopic inspection with 10% Indian ink, these
strains differed in the amount and morphology of their
mucus. The strains were cultured in a nutrient-rich
mineral medium (Van Liere & Mur 1978). Strains V40,
V101, V145 and V163 were grown in batch cultures
on a rotation table at a low light intensity of 10 µmol
photons m–2 s–1 and a light:dark cycle of 12:12 h.
Strain V130 was grown under similar conditions, at
3 different light intensities of 10, 50 and 140 µmol photons m–2 s–1, respectively.
Stickiness: Stickiness (α) can be defined as the probability that 2 colliding particles stick together, with values ranging from –1 to 1. Negative stickiness indicates
that particles fall apart when they collide, whereas
positive values indicate that particles adhere when
they collide. We measured the stickiness of the selected Microcystis strains by studying the formation of
cell aggregates after suspension of individual cells in a
laminar shear field generated by a Couette chamber.

Let P denote the concentration of Microcystis particles (= individual cells + aggregates). Furthermore, let
φ = Nd 3 π/6 denote the fraction of the total water volume that is occupied by Microcystis, where N is the
concentration of Microcystis cells (= individual cells +
cells in aggregates) and d is the diameter of a cell. If we
consider a solution that initially consists of individual
Microcystis cells, then aggregation of these individual
cells into larger aggregates leads to a decline in the
number of particles within the Couette chamber. The
initial phase of this decline can be described by the following equation (McCave 1984, Kiørboe et al. 1990):
Pt = P0exp(–2, 49αφGMt)

(6)

Hence, the stickiness of Microcystis can be calculated
by solving Eq. (6) for α.
Before incubation in the Couette chamber, the gas
vesicles of Microcystis cells were collapsed by exposing them to a pressure of 10 bar (Walsby 1994). Cultures were diluted in mineral medium (Van Liere &
Mur 1978), such that the volume fraction occupied by
Microcystis ranged between φ = 0.5 × 10– 6 and 8.7 ×
10– 6. Microcystis samples were incubated in the Couette chamber for 0, 15, 30, 60, 90, 120 and 150 min.
After incubation, the number of Microcystis particles
(Pt) was counted microscopically as described in previous subsection.
In each sample, the volume fraction of Microcystis (φ)
was determined by breaking up Microcystis colonies
into single cells. For this purpose, samples were
washed with a sucrose solution with the same osmotic
value as the nutrient-rich mineral medium (0.6 g l–1
sucrose). Since the sucrose solution does not contain
electrolytes to form cation bridges, the Microcystis
colonies disaggregate into single cells. The concentration of cells (N) in the sample was determined microscopically in a Fuchs-Rosental counting chamber
designed for counting single cells. The average diameter of the cells (d) was determined by measuring the
diameter of 100 single cells using ‘Image Analysis
Software’ (Leica Qwin Standard Version 2.5).
Polysaccharide composition: EPS attached to Microcystis particles were isolated according to Staats et al.
(1999). Samples were centrifuged at 15 000 rpm
(27 000 × g) for 30 min at 10°C to pellet both cells and
EPS. The supernatant was removed, and the pellet was
dissolved in demineralised water (Plude et al. 1991)
and incubated for 2 h at 40°C. Subsequently, the
samples were centrifuged for 10 min at 4000 rpm
(46 000 × g) to pellet the cells only, while EPS were
retained in the supernatant. The supernatant was
transferred to another tube. The pellet was dissolved
again in demineralised water and incubated for 2 h at
40°C. This procedure to ‘wash off’ all EPS was repeated 3 to 4 times until EPS were no longer observed

in the pellet. The disappearance of EPS from the pellet
was checked microscopically by dying the dissolved
pellet with Indian ink (10%). Before analysis, the
supernatant containing all EPS was lyophilised and
dissolved in a fixed amount of demineralised water.
The concentration of EPS was analysed using the phenol/H2SO4 assay (Dubois et al. 1956) with glucose as a
standard. Extracellular uronic acids (EUA) were
analysed using the method of Blumenkrantz & AsboeHansen (1973) with glucoronic acid as a standard.
Effect of light conditions on polysaccharide composition. We selected Microcystis Strain V145 to perform further experiments on the effect of light conditions on polysaccharide composition. Strain V145 was
cultured in flat vessels using light-limited turbidostats
with a similar set-up as described above. The turbidostats were exposed to 5 different average light intensities (10, 20, 45, 70 and 120 µmol photons m–2 s–1)
during the light period, by placing neutral density filters between the light source and the culture vessels.
We used a light:dark cycle of 14:10 h. After about 1 to
2 wk, when the turbidostats had reached a steady
state with an optical density of 0.2 cm–1, they were
sampled just before the onset of the light period. EPS
and EUA were isolated and quantified as described
above.

RESULTS
Aggregation of Microcystis at different clay
concentrations
To obtain buoyant Microcystis colonies for the
aggregation experiments, we sampled Microcystis
Strain V145 from a turbidostat at the end of the dark
period, thus ensuring a high concentration of buoyant
cells and a low concentration of sinking cells. As a
control, we first inoculated Strain V145 in a measuring cylinder without adding clay. The concentration
of sinking cells in this control experiment did not
increase over time. Next, we inoculated Strain V145
in 3 measuring cylinders, and added 3 different concentrations of clay. As predicted by Eq. (2), when clay
was added, the concentration of sinking cells initially
increased linearly over time (Fig. 1; linear regression
at 0.25 g l–1 clay: r2 = 0.824, N = 7, p < 0.005; at
0.50 g l–1 clay: r2 = 0.877, N = 9, p < 0.001; at
0.75 g l–1 clay: r2 = 0.920, N = 5, p < 0.010). The
experiments further show that the aggregation rate
was linearly proportional to the clay concentration
(Fig. 1), which is also in accordance with Eq. (2).
From the data presented in Fig. 1, we calculated a
specific clay aggregation rate of β = A/(MCt) = 27 ml
(g bentonite clay)–1 h–1.

Sinking cell concentration (cells ml–1)
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Fig. 1. Microcystis Strain V145. Aggregation of cyanobacterium and bentonite clay in a measuring cylinder. Concentration of sinking cells as a function of time for 3 clay concentrations. Lines indicate fit of data to Eq. (2) using linear regression
forced through origin

Aggregation of Microcystis with different types
of clay
The Microcystis populations sampled in Lake Volkerak on 22 July and 18 August 2003 differed in the concentration of Microcystis colonies and in colony size.
The sample of 22 July was characterized by a small
number of large colonies (3100 colonies ml–1 with an
average colony size of 447 cells), while the sample of
18 August had a large number of small colonies (18 000
colonies ml–1 with an average colony size of 58 cells).
Aggregation experiments in the Couette chamber
showed that the steady-state concentration of sinking
Microcystis cells (A*) increased with increasing clay
concentration (C ) in accordance with the hyperbolic
relationship described by Eq. (3) (Table 1, Fig. 2). The
asymptotic values reached on 22 July were lower than
the asymptotic values reached on 18 August (Fig. 2),
which reflects the observed differences in the total
concentration of colonies (T ) on these 2 days. Half-saturation constants for clay aggregation (γ /β) were 22
times lower for bentonite clay than for kaolinite clay on
22 July and 15 times lower on 18 August) (Table 1).
Hence, clay aggregation was much more efficient with
bentonite clay than with kaolinite clay.

Stickiness and polysaccharide composition
Most Microcystis strains aggregated into larger particles in the Couette chamber. As a result, the concentration of Microcystis particles in the Couette chamber
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Table 1. Microcystis spp. Parameter estimates of Eq. (3),
describing equilibrium concentration of sinking cells as a
hyperbolic function of clay concentration. Parameter estimates
were obtained by nonlinear regression. Experiments were carried out with field samples of Microcystis and 2 types of clay.
KS : half-saturation constant; γ: specific disaggregation rate of
Microcystis – clay aggregates; β: specific aggregation rate of
Microcystis and clay
Sampling day Total Microcystis
KS
r2
6
–1
–1
(2003)
(× 10 cells ml ) (γ/β, g l )

N

p

Kaolinite
22 Jul
18 Aug

2.59
4.31

0.869
0.244

0.84 10 0.0002
0.85 9 0.0004

Bentonite
22 Jul
18 Aug

0.62
2.23

0.039
0.016

0.80 8 0.0028
0.98 10 <0.0001

5

A

4

Sinking cell conc. (x106 cells ml–1)

3
2
1
0

0

2.5

1

2

3

4

5

6

B

tration of extracellular uronic acids (EUA) ranged from
6.3 to 107 µg (µl biovolume)–1 (= 0.6 to 10 pg cell–1). In
all strains, 7 to 25% of EPS consisted of uronic acids.
We investigated whether there was a correlation
between polysaccharide composition and stickiness.
For this purpose, the EPS and EUA data were logtransformed to obtain bivariate normal distributions
required for a Pearson’s correlation test. There was no
significant correlation between stickiness and the logtransformed amount of EPS per biovolume (Pearson’s
correlation, r = 0.632, N = 7, p = 0.128). However, we
found a significant correlation between stickiness and
the log-transformed amount of EUA per biovolume
(Pearson’s correlation, r = 0.783, N = 7, p < 0.05;
Fig. 3B).

Particle concentration (particles ml–1)
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Fig. 2. Microcystis spp. Aggregation of field samples with (A)
kaolinite clay and (B) bentonite clay in a Couette chamber.
Equilibrium concentration of sinking cells as a function of clay
concentration. Samples were taken from Lake Volkerak on 22
July (s) and 18 August 2003 (d). Lines indicate fit of data
to Eq. (3), using nonlinear regression

Stickiness α

0.5

0.2

0.0

–0.2

–0.4
10

declined exponentially over time, in accordance with
Eq. (6) (Fig. 3A). There was 1 exception: Strain V130
grown at 10 µmol photons m–2 s–1 did not aggregate,
but disintegrated into smaller particles. Stickiness calculated from Eq. (6) ranged from α = –0.20 for Strain
V130 grown at 10 µmol photons m–2 s–1 to α = 0.47 for
Strain V163 (Fig. 3B).
The concentration of EPS ranged from 81 to 720 µg
(µl biovolume)–1 (= 8.6 to 67 pg cell–1) and the concen-

100

Extracellular uronic acids (µg µl–1)
Fig. 3. Microcystis spp. Stickiness of various strains. (A) Exponential decline in particle concentration of Microcystis
Strain V145 in a Couette chamber arising from formation of
larger aggregates; line indicates fit of data to Eq. (6) using
linear regression after log transformation of the particle concentration. (B) Stickiness of different Microcystis strains as a
function of concentration of extracellular uronic acid per
biovolume: Strain V40 (h), Strain V101 (n); Strain V130 (d);
Strain V145 (e); Strain V163 (s)
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Effect of light conditions on polysaccharide
composition

A

DISCUSSION
In this study we found that aggregation of clay particles may cause sedimentation of the buoyant cyanobacteria Microcystis. Aggregation of clay to Microcystis depends on several factors, including the
concentration of suspended clay particles, type of clay,
and the composition of EPS of Microcystis.

0.4
0.3
0.2
0.1
0.0
16

Polysaccharides (pg cell–1)

The specific growth rate (μ) of Microcystis Strain
V145 increased with increasing light intensity up to an
average light intensity of 70 µmol photons m–2 s–1 and
then remained fairly constant until at least 120 µmol
photons m–2 s–1 (Fig. 4A). The response of the concentration of EPS to light intensity was similar to that of μ,
while the concentration of EUA was little affected by
light intensity (Fig. 4B). As a consequence, the proportion of uronic acids in EPS strongly declined with
increasing light intensity, from more than 60% at low
light intensity to 20% at high light intensity (Fig. 4C).

Growth rate (d–1)
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B

14
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8
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Clay concentration

Type of clay
Several properties of suspended clay affect aggregation of clay and algae, including clay particle size, the
surface charge (zeta potential) of clay, and the ionic
strength and pH of the water in which clay and algae are
suspended (Han & Kim 2001, Sengco et al. 2001). Here,
we focused on the difference between bentonite and
kaolinite clay. The experiments in the Couette chamber

Uronic acids (% of EPS)

Our results show that aggregation of clay to Microcystis is largely driven by mass action, i.e. the aggregation rate is linearly proportional to the concentration
of suspended clay particles (Fig. 1). Microcystis –clay
aggregates may disaggregate when exposed to high
shear. Under constant conditions, the balance between
aggregation and disaggregation processes leads to an
equilibrium concentration of Microcystis –clay aggregates. Our simple model shows that, as a first approximation, the equilibrium concentration of Microcystis –
clay aggregates can be expressed as a hyperbolic function of the clay concentration. This prediction is supported by our experiments with Microcystis and clay in
the Couette chamber (Fig. 2). A similar hyperbolic
relationship has been reported for clay aggregation to
marine dinoflagellates by Sengco et al. (2001).
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Average light intensity (µmol photons m–2 s–1)
Fig. 4. Microcystis Strain V145. (A) Specific growth rate and
(B) cellular concentration of extracellular polysaccharides
(EPS) (d) and extracellular uronic acids (EUA) (s) of
bacterium cultured at different light intensities; error bars
represent ± 1 SE; N = 7 for (A) and 4 for (B). (C) Relative
contribution of uronic acids to extracellular polysaccharides

show that aggregation of bentonite clay to Microcystis is
15 to 22 times more efficient than aggregation of kaolinite clay. Bentonite concentrations as low as 15 mg l–1
resulted in increased sedimentation of Microcystis,
whereas kaolinite concentrations of ~200 mg l–1 would
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be required for the same effect. Similar differences have
been observed in sedimentation of phytoplankton in
incubations with kaolinite and bentonite clay (Søballe &
Threlkeld 1988, Sengco et al. 2001). The difference in
aggregation efficiency between the 2 clays reflects a
difference in the structure of these clays. Bentonite clays
consist of 1 aluminium octahedral layer sandwiched
between 2 silicon tetrahedral layers. The plates formed
by these 3-layered clay minerals are held together by
weak van der Waals’ bonds, which allow cations to move
freely in and out between the plates. In contrast, kaolinite clays consist of 1 aluminium octahedral layer and
1 silicon tetrahedral layer. The plates formed by these
2-layered structures are tightly held together by strong
hydrogen bonds. As a result, the CEC of bentonite is 5
to 30 times higher than that of kaolinite (Van Olphen
1977), which nicely matches the difference in aggregation efficiency of these clays with Microcystis.

Stickiness of Microcystis

increasing light intensity (Fig. 4C). This suggests that
Strain V145 would be most sticky at low light. Strycek
et al. (1992) reported that phosphorus limitation
increases the production of EUA of M. aeruginosa.
Moreover, stickiness also varies by more than 1 order
of magnitude among different Microcystis strains
grown under identical conditions (Fig. 3B). Hence,
there is considerable variability in stickiness within
and among strains.

Ecological implications
In some lakes, large amounts of Microcystis overwinter in the sediment (Preston et al. 1980, Takamura
et al. 1984, Verspagen et al. 2005). Visser et al. (1995)
showed that low temperatures lead to an increased
carbohydrate ballast of Microcystis, which may cause
sedimentation of Microcystis colonies in autumn.
Using sediment traps, however, we observed that sedimentation of Microcystis colonies in Lake Volkerak
occurs throughout the summer period (Verspagen et
al. 2005). Moreover, freshly sedimented colonies were
buoyant after removal of attached sediment particles
(Verspagen et al. 2004). This indicated that, in Lake
Volkerak, sedimentation is not driven by an increase in
the carbohydrate ballast, but rather by aggregation
with suspended particles. Indeed, the present study
confirms that buoyant Microcystis colonies may suffer
high sedimentation losses due to aggregation with
clay, even after respiration of all their carbohydrate
ballast. Concentrations of suspended clay can show
considerable variability in time, and may increase
when storms resuspend the sediments of shallow lakes
or when heavy rainfalls generate run-off of sediments
from the surrounding watershed into lakes. We therefore hypothesise that peak loadings with clay particles,
after periods of heavy storms or rainfall, may cause
massive sedimentation of Microcystis blooms.

Stickiness of Microcystis strains isolated from Lake
Volkerak ranged from –0.20 to 0.47, whereby stickiness of 0.47 means that 47% of the particle collisions
resulted in aggregation. So far, we are not aware of
other studies on the stickiness of cyanobacteria. Our
stickiness values for Microcystis fit quite well, however, with those reported for marine diatoms (Table 2).
Stickiness of phytoplankton is often attributed to EPS
and other transparent exopolymers (e.g. Kiørboe &
Hansen 1993, Engel 2000). The Microcystis strains used
in this study differed widely in their EPS production,
ranging from 4 to 66 pg EPS cell–1. Contrary to expectation, we did not find a significant relation between the
concentration of (EPS) and the stickiness of the strains.
Rather than the concentration of EPS per se, our results
indicate that the chemical composition of EPS plays a
crucial role in aggregation. In particular, part of the EPS
produced by cyanobacteria consists of
uronic acids (De Philippis et al. 2001).
Table 2. Microcystis spp. Stickiness compared to stickiness of various marine
Uronic acids are anionic sugars that can
diatom species. Measurements were performed in laboratory monocultures (l),
form cation bridges with negatively
in samples from natural bloom (n), and in natural bloom incubated in mesocosmos (n.m)
charged clay particles and with other anionic sugars (Dontsova & Bigham 2005).
The hypothesis that anionic sugars are
Species
Stickiness
Source
involved in aggregation of Microcystis
Chaetoceros neogracile (l)
0.000 – 0.017 Waite et al. (1997)
cells is supported by the positive correThalassiosira pseudonana (l)
0.001 – 0.050 Kiørboe et al. (1990)
lation between stickiness and the
Skeletonema costatum (l)
0.015 – 0.150 Kiørboe et al. (1990)
amount of EUA produced by the differPhaeodactylum tricornutum (l) 0.040 – 0.200 Kiørboe et al. (1990)
Microcystis spp. (l)
–0.200 – 0.470 Present study
ent Microcystis strains (Fig. 3B).
Skeletonema costatum (l)
0.100 – 0.600 Hansen & Kiørboe (1997)
The stickiness of Microcystis is
Thalassiosira nordenskjoeldii (l) 0.100 – 0.700 Hansen & Kiørboe (1997)
affected by ambient nutrient and light
Chaetoceros spp. (n.m)
0.030 – 0.800 Dam & Drapeau (1995)
conditions. The uronic acid content of
Skeletonema costatum (n)
< 0.100 – 1.000 Engel (2000)
the EPS of Strain V145 decreased with
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Sedimentation of algal cells through flocculation with
clay is a promising control strategy for removal of harmful algal blooms (Anderson 1997, Sengco et al. 2001,
Hagström & Granéli 2005). Similarly, flocculation with
clay might be a useful method for controlling Microcystis blooms. However, in a field study in which clay
particles (a bentonite clay and polyaluminium chloride
mixture) were added to a natural Microcystis bloom in
the Swan River, this method was not effective (Atkins et
al. 2001). Apparently, the conditions in the Swan River
were not favourable for flocculation of Microcystis. As
confirmed by our findings, the aggregation efficiency
with clay depends on many variables, including algal
cell concentrations, clay type and clay concentration,
and physiological status of the cells (Avnimelech et al.
1982, Hagström & Granéli 2005, Sengco et al. 2005).
Further field trials in which clay is added to natural
Microcystis blooms are recommended.
Our results further show that there is a large variability in polysaccharide composition and stickiness
among different Microcystis strains. Some strains
aggregate very easily, whereas other strains do not
aggregate at all. It is thus conceivable that high concentrations of suspended clay might select for Microcystis strains with a low stickiness. Natural selection
might partly counteract the flocculation of Microcystis
blooms. This intriguing interplay between clay dispersal and the population dynamics of different Microcystis strains seems to deserve further investigation.
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