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Introduction

Chapter 1

1.1 Cyanobacteria
Cyanobacteria are phototrophic bacteria that transfer solar energy into organic biomass
through photosynthesis. Photosynthesis is the process in which light energy, water and
carbon dioxide are used to form carbohydrates, and oxygen is produced as a by-product.
Cyanobacteria are among the oldest organisms on earth, fossil records date back to 3,5
billion years. They are considered to be the first organisms able to produce oxygen. High
oxygen levels in the atmosphere probably were prerequisite for the evolution of higher
life forms (Schopf, 1999; Tomitani et al., 2006).
Like plants, cyanobacteria contain chlorophyll a to capture light essential for
photosynthesis. In addition, all cyanobacteria contain the pigment phycocyanin, because
of the blue-green color of this pigment cyanobacteria are often referred to as blue-green
algae. Furthermore, they can contain pigments like phycoerythrin, carotenoids and UVprotecting pigments. Cyanobacteria grow unicellular, colonial or filamentous. Mostly
the cells are surrounded by a gelatinous or mucilaginous sheath. Like other bacteria,
cyanobacteria reproduce by cell division (binary fission or budding) or transcellular
trichome breakage.
Cyanobacteria are widely distributed in all kind of ecosystems. They are commonly
found in freshwater systems, in marine systems and furthermore occur in soils, in Antarctic
melt water ponds and on rocks. Cyanobacteria can also occur as endosymbionts in
diatoms, plants, lichens, sponges and corals. As symbionts cyanobacteria provide energy
by photosynthesis for their host or in some cases nitrogen-fixing cyanobacteria provide
nitrogen for their host species (e.g., in some diatoms, corals, and Azolla ferns). Some
cyanobacteria can withstand extreme conditions, like for example the cyanobacteria that
are found in hot springs at very high temperatures (up to 75 -85 ºC).

Figure 1.1 Scum formation in the Dutch Lake ’t Joppe, summer season 2001, and a
dead fish which death presumably was caused by cyanobacterial toxins. (Photograph
by Tejo Scholten).
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Within aquatic ecosystems, most pelagic cyanobacteria contain gas vesicles, small
hollow cylinders filled with air that provide buoyancy. The volume of gas vesicles is rather
constant but the density of cells is changing under influence of light. In the light, dense
carbohydrates are formed by photosynthesis that counterbalance the positive buoyancy
by gas vesicles (Kromkamp and Mur, 1984; Visser et al., 2005). Hence, buoyancy varies
in response to irradiance, in the dark or at low irradiance the cells become buoyant and
at high irradiance they loose buoyancy and sink. Such buoyancy regulation prevents
the colonies from high light intensities at the surface and prevents the cells to sediment
in case of stable conditions in the water column (Visser et al., 1996). In general, larger
colonies move faster and deeper through the water column, and may even have access
tot nutrient-rich waters below the thermocline (Bormans et al., 1999; Visser et al., 2005).
In case of reduced mixing, buoyant colonies can rapidly float up to the water surface of
lakes (Huisman et al., 2004). This may lead to the formation of dense surface scum (Fig.
1.1). Figure 1.2 schematically illustrates how a bloom of potentially toxic cyanobacteria
can accumulate at the water surface and form a scum with a concentration of around
50,000 cells / mL. Cells can accumulate even further when a light wind blows such scum
to the leeward side of a lake and dense layers of cyanobacteria wash on shores or mount
up in harbors.

Figure 1.2 Illustration of the possible formation of a scum. The initial cyanobacterial
bloom (left hand side) is well mixed and (toxic) cells are abundant in low concentrations.
On the right hand side the cyanobacterial cells float to the surface of the water column
and form a dense scum that may be a serious risk for public health and ecosystem
functioning.
Massive blooms of cyanobacteria in estuaries and freshwater systems can cause severe
problems: massive accumulation of cyanobacterial biomass may increase the turbidity
of lakes and estuaries and may also lead to reduced oxygen concentrations, which may
result in the death of fish and other aquatic organisms (Fig. 1.1). Another harmful aspect of
cyanobacterial proliferation is the production of toxic substances. Cyanobacterial genera
like Anabaena, Aphanizomenon, Cylindrospermopsis, Microcystis and Planktothrix are
potential producers of a whole range of peptides (Welker and von Döhren, 2006) of
which the toxins microcystin, anatoxin and saxitoxin are most striking since the intake
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of these cyanotoxins may cause gastrointestinal diseases, liver damage, paralysis or
even death in humans and animals (Codd et al., 2005). Over the last 20 – 30 years
numerous incidents of harmful effects on human beings and the death of animals in
combination with massive cyanobacterial blooms have been reported. The first report on
animal poisoning due to cyanobacterial blooms dates back to 1833 (Codd et al., 2005),
but only since the 1980s the study on cyanobacterial toxins has been intensified. This
increased interest was merely a result of eutrophication of freshwater bodies leading to
an increasing dominance of (toxic) cyanobacteria. Furthermore, improved techniques for
the analyses of cyanotoxins helped in further exploration of the cyanotoxins (Sivonen
and Jones, 1999).

1.2 Microcystins
The cyanobacterial toxins can be divided in four major groups, based upon the effects of
the toxins: hepatotoxins (e.g. liver damage), neurotoxins (e.g. paralyses), dermatotoxins
(skin irritation) and endotoxins (gastrointestinal diseases). The group of hepatotoxins
contains the toxins microcystin, nodularin and cylindrospermopsin. In this thesis, the
focus will be on microcystin and the microcystin-producing cyanobacterial genera.

Figure 1.3 General molecule structure of microcystins containing seven amino acids,
the X and Z position are variable L-amino acids (e.g. in microcystin-LR, X=L-Leucine
(L) and Z=L-Arginine (R)) and on position 3 and / or 7 demethylated amino acids can be
substituted (Sivonen and Jones, 1999).
1.2.1 Chemistry
Microcystins are relative small cyclic heptapeptides (with molecular weights (MW) varying
between 800 and 1100 dA), containing seven amino acids with the general structure of
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the molecule: cyclo-(D-alanine1-X2-D-MeAsp3-Z4-Adda5-D-glutamate6-Mdha7). Within this
structure (Fig. 1.3) the X and Z position are variable L-amino acids; e.g. in microcystin-LR,
X=L-leucine (L) and Z=L-Arginine (R) and on position 3 and / or 7 demethylated amino
acids can be substituted (Sivonen and Jones, 1999). Currently, 71 structural variants
of the microcystin molecule have been published (Codd et al., 2005). The amino acid
Adda in the microcystin molecule is crucial for the interaction with protein phophatase
molecules and hence for the toxicity of this group of cyanotoxins. Microcystins are known
to inhibit the activity of the protein phosphatases 1 and 2A (Carmichael, 1997). Both
enzymes have essential functions in the cells of animals and plants, including activation
of metabolic enzymes (e.g. nitrate reductase and sucrose phosphate synthase), gene
expression, ion channel regulation and (plant) developmental processes (Luan, 2003).
Microcystins are water soluble and unable to pass lipid membranes of plants, animals
and bacteria directly. After oral ingestion in higher organisms microcystins are transported
across the lower part of the small intestine (ileum) into the blood and concentrated in
the liver. Although the liver plays a significant role in the detoxification of microcystins,
microcystins are hepatotoxic substances. After acute exposure severe liver damage
may occur, like disruption of cell structure and increased liver weight due to intrahepatic
bleeding. This may finally result in the death of the organism (Kuiper-Goodman et al.,
1999).
1.2.2 Microcystin-producing cyanobacterial genera.
The genera with potential microcystin-producing species and strains are: Anabaena,
Anabaenopsis, Hapalosiphon, Microcystis, Nostoc, Oscillatoria and Planktothrix (Codd
et al., 2005). The genera Microcystis and Anabaena are widely distributed and occur in
lakes ranging from polar to tropical latitudes, while Oscillatoria and Planktothrix seem
more typical for the temperate zone (Komárek and Anagnostides, 1999; Anagnostides
and Komárek, 2005). Microcystis, Planktothrix or Gloeotrichia or a mixture of these genera
sometimes complemented with Anabaena and Aphanizomenon dominated the lakes that
were selected for the research described within this thesis. Only in lakes dominated by
Microcystis sp.., Planktothrix Agardhii and Planktothrix Rubescens microcystin production
could be detected.
The genus Microcystis contains species with spherical cells ranging in diameter from
2 to 8 μm. Cells are mostly embedded and surrounded by mucus. In natural situations
the cells usually grow in colonies that can contain 10 to more than 10.000’s of cells. Most
Microcystis colonies can grow in three dimensions and may result in large (macroscopic)
aggregates. Microcystis species are defined based on their morphology: colonial shapes,
cell dimensions, and how cells are aggregated in the mucilaginous sheath (Komárek and
Anagnostides, 1999). Most species of the genus Microcystis are potent producers of
different microcystin variants of which the non-methylated MC-LR, MC-RR and MC-YR
are the most dominant in Microcystis blooms (Fastner et al., 1999).
The genus Planktothrix represents cyanobacteria that mainly consist of straight
filaments, called trichomes. Cells in trichomes are disk shaped (usually a bit shorter
than wide). Trichome production occurs by cell division, and occasional breakage of
trichomes in smaller pieces. Trichomes are not ensheathed or thinly sheathed (Ripka,
1979; Anagnostides and Komárek, 2005). Within this genus P. agardhii and P. rubescens
are the most common species.
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Trichomes of P. agardhii are pale blue-green and are mainly found in shallow (up to
3 meters), hypertrophic and turbid waters. Light requirements for the species are low,
making it a good competitor under low light circumstances (Van Liere and Mur, 1978). P.
agardhii also contains gas vesicles. However, the filaments are usually evenly dispersed
over the entire water column. Only under very calm weather conditions thin surface scum
can be observed. In this species the production of a demethylated microcystin variant
([D-Asp3 ] MC-RR) is most common (Fastner et al., 1999).
P. rubescens is a species of more mesotrophic, deeper, clear waters and is
generally found in subalpine lakes. The filaments contain the red pigment phycoerythrin,
colouring the filaments reddish purple or reddish brown (Suda et al., 2002). At the time of
stratification of the lakes, the filaments are confined to the metalimnion. In autumn when
stratified layers are mixed, surface blooms may occur and may cause red colouring of
the surface waters of lakes (Briand et al., 2005; Walsby et al., 2006). Like P. agardhii,
the species P. rubescens produces in general demethylated microcystin variants like
[D-Asp3 ] MC-RR and [Dhb7]MC-RR.
Microcystin-producing cyanobacteria vary widely in their microcystin composition,
and they also exhibit a large genetic variability within genera and species (Welker et al.,
2004; Fastner et al., 2001; Rohrlack et al., 2001; Carrillo et al., 2003). Furthermore, several
strains of Planktothrix and Microcystis have been reported to produce no microcystins at
all (Christiansen et al., 2003; Janse et al., 2004; Via-Ordorika et al., 2004). Within natural
populations microcystin producers and non-microcystin producers coexist.
Based on classical microscopy methods, toxic and non-toxic strains cannot be
differentiated. This variability of toxin production within species hampers the understanding
of microcystin production in field situations, and hence introduces uncertainty in the risk
assessments in recreational lake waters and drinking water production. New molecular
tools may be useful in the differentiation between toxic and non-toxic strains, and may
give insight in the population dynamics of different strains in natural waters. In general two
approaches for the detection of microcystin producing strains have been used. The first
approach focuses on the microcystin synthetase genes. The second approach focuses
on the housekeeping genes, 16S rRNA or the less conservative 16S – 23S rRNA ITS.
In chapter 2 these new molecular approaches and their application in population studies
will be discussed in detail.

1.3 Harmful effects of microcystins
Toxicological studies on the effect of the microcystins in a wide range of organisms are
numerous and reviewed by Sivonen and Jones (1999), Babica et al. (2005), and Wiegand
and Pfluchmacher (2005). Below follows a small summation of the effects microcystins
can have on organisms. Since microcystin-producing cyanobacteria are mainly found in
aquatic systems, the emphasis is on aquatic biota.
1.3.1. Effects of microcystins on aquatic biota
Microcystin-producing cyanobacteria may negatively affect other phytoplankton
by a process called allelopathy (Hulot and Huisman, 2004). Allelopathy involves the
release of chemicals inhibiting the growth of target organisms. Studies of allelopathic
interactions have revealed that microcystins may lead to reduced growth and inhibition
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of photosynthesis of most green algae. In addition, microcystins reduce the motility of
the green alga Chlamydomonas reinhardtii and their cells show enhanced settling rates
(Kearns and Hunter, 2001). In contrast, the growth of cryptomonads and chrysomonads
is stimulated after addition of microcystins (Babica et al., 2005). Effects of microcystins
on cyanobacteria have also been found: after addition of microcystins, the cyanobacteria
Chroococcus (Sedmak and Kosi, 1998), Synechococcus (Hu et al., 2004) Anabaena
and Nostoc (Singh et al., 2001) were inhibited in their growth, while the growth of nontoxic Microcystis strains seemed to be stimulated (Sedmak and Kosi, 1998; Pflugmacher,
1999). However, as recently discussed by Babica et al., (2005), most allelopathic studies
have used unrealistically high microcystin concentrations in their experimental set-up.
Whether microcystins play a role in the chemical warfare between phytoplankton species
in nature still remains unknown.
From other studies it appears that microcystins are probably not the only allelopathic
substance produced by cyanobacteria: both microcystin-producing and non-microcystinproducing Microcystis cells caused reduced growth and photosynthesis of the
dinoflagellate Peridinium gatunense (Sukenik et al., 2001). Furthermore, a microcystinproducing Microcystis strain caused the collapse of a non-toxin mutant of the same strain
within 24 hours (Schatz et al., 2005), while adding purified microcystin to a monoculture
of the mutant did not affect its growth.
Numerous studies showed the toxic effect of microcystins on different zooplankton
species, with emphasis on daphnids. For example, Rohrlack et al., (2005) demonstrated
that the ingestion of microcystin-producing Microcystis cells of strain PCC 7806 by
daphnids affected the neuromuscular communication and other functions that influence
muscle systems. Moreover, body movements were affected and the animals showed
symptoms of exhaustion and finally died. Animals fed with cells of a knock-out mutant
unable to produce any of the microcystins produced by the wildtype Microcystis PCC
7806 strain did not show any of the observed effects. However, effects like inhibited
feeding, reduced ingestion rates and reduced survival of daphnids were found not only in
experiments with microcystin-producing strains (Reinikainen et al., 1994; DeMott, 1999;
Rohrlack et al., 2001), but also in experiments with non-microcystin-producing strains or
in studies with mutants of Microcystis strains (Rohrlack, 1999; Kaebernick and Neilan,
2001; Lurling, 2003). Hence, cyanobacterial substances other than microcystins might
have negative effects on Daphnia as well (Jungman, 1992; Jungman, 1993; Rohrlack et
al., 2003).
Bivalves, like the zebra mussel (Dreissena polymorpha) and the blue mussel
(Mytilus edulis) can ingest cyanotoxins by filtering large amounts of water containing
cyanobacterial particles (Sipia et al., 2001). Due to selective grazing, however, viable toxic
cyanobacteria can be expelled in the pseudofaeces of the organisms, and their survival
may in fact enhance blooms of toxic cyanobacteria (Vanderploeg, 2001). In contrast,
Dionisio-Pires and van Donk (2002) showed that zebra mussels consume toxic and nontoxic Microcystis in the presence of green algae. The pseudofaeces of zebra mussels
contained more living cells of green algae than toxic or non-toxic Microcystis cells. In this
way, zebra mussels may facilitate the dominance of green algae over cyanobacteria.
Despite selective grazing, microcystins from toxic cells can accumulate in the digestive
tract (Amorim and Vasconcelos, 1999) and hepatopancreas (Eriksson, 1989) of bivalves
without having any negative effect. Moreover, several studies showed that accumulated
microcystins were detoxified by bivalves within days to weeks (Vasconcelos, 1995; Prepas

13

Chapter 1

et al., 1997; Dionisio Pires et al., 2004). The negative effects of microcystins on other
invertebrates like crayfish and crabs seem limited too. Crayfish fed with microcystinproducing Planktothrix exhibited no difference in survival, motility or food intake in
comparison to crayfish fed with non-microcystin-producing Planktothrix and a control.
The ingested microcystins accumulated in the hepatopancreas of the animals (Liras,
1998). The feeding of juvenile crayfish with toxic Microcystis strains even enhanced
growth in comparison to feeding with non-toxic strains (Vasconcelos, 2001), once more
the microcystins were mainly detected in the hepatopancreas and the intestines.
Severe cyanobacterial blooms have in some cases been associated with massive
fish mortalities (Rodger et al., 1994; Kangur et al., 2003; Ibelings et al., 2005). Besides
the fact that low oxygen concentrations and high pH are generally associated with
dense cyanobacterial blooms, such fish kills may also result from the toxic effects of
microcystins. Effects of microcystins in fish are diverse, and target organs include liver,
kidney, intestines and gills (Malbrouck and Kestemond, 2006). Effects vary with the
uptake route of microcystins and the fish species studied (Wiegand and Pflugmacher,
2005). Although effects of microcystins have undoubtedly been shown in numerous lab
studies and fish species, toxic effects of microcystins on fish in natural situations are
not always evident, as shown in a study in the Dutch Lake IJsselmeer (Ibelings et al.,
2005).
1.3.2 Harmful effects on terrestrial biota
The first incidents with scum formation of cyanobacteria and the death of cattle, fish
and poultry were reported in the 19th century in Denmark (1833), Australia (1878) and
Poland (1884) (Codd et al., 2005). In these historical records the cyanobacterial genera
Microcystis, Anabaena, Aphanizomenon and Nodularia were responsible for the animal
kills. In recent time, the same genera are involved in the poisoning of animals. Examples
of animal deaths attributed to cyanobacteria include domestic animals (cattle, dogs
and cats, etc.), reptiles, mammals (deer, bats and even rhinoceros) and wild birds, e.g.
massive kills of flamingos are connected to the consumption of cyanobacteria producing
neurotoxins and hepatotoxins (Ballot et al., 2003; Krienitz et al., 2003). The cyanotoxins
are mainly taken up by drinking of water contaminated with cyanobacterial cells. Effects
can be diverse, depending on the cyanobacterial genus and the toxin it produces. In case
of microcystins, effects are mainly within the liver tissue of animals.
Humans can be exposed to cyanotoxins in three ways: 1. consumption of
contaminated drinking water, 2. haemo-dialysis with contaminated water, and 3. recreation
in water containing scum or dense cyanobacterial blooms (Codd et al., 2005). Examples of
incidents include the outbreak of gastroenteritis in three villages in Sweden that received
drinking water contaminated with lake water containing Planktothrix filaments in 1994.
A total of at least 121 persons fell ill after consumption of the water (Annadotter et al.,
2001). In Rio de Janeiro, drinking water contaminated with microcystins was distributed
to the community, including dialysis centres, in November 2001. Patients were exposed
to this water and sublethal microcystin concentrations were found in blood sera of these
patients (Soares et al., 2006). In an earlier incident in a dialysis centre in Brazil, water
used for dialysis contained microcystin-producing cyanobacteria. Here, 60 patients died
as a result of acute liver failure (Carmichael et al., 2001). The number of reports on serious
human incidents due to cyanobacteria in recreational waters is limited. Symptoms as a
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result of cyanobacterial contact during recreation may not be recognized, since effects of
exposure to cyanobacterial blooms in recreational waters are mild or not associated with
cyanobacterial contact (Pilotto et al., 1997; Codd et al., 2005).
1.3.3 Guideline levels
The microcystin LR structural variant is very toxic. The LD50 (in mice) of microcystin LR
is 50 – 60 μg.kg-1 bodyweight (BW). When compared to other natural toxins the LD50 of
microcystin LR is comparable to the LD50 of cobra toxin and 10 times lower (i.e., more
toxic) than the LD50 of curare, a toxic plant extract used by South American Indians for
hunting. Based on mouse studies, in which mice were fed with the purified microcystin
LR, the No Observed Adverse Effect Level (NOAEL = highest dose associated with the
absence of adverse health effects) was 40 μg.kg-1 BW (Chorus and Bartram, 1999).
After a correction factor for the transition of mouse to human exposure the provisional
Tolerable Daily Intake (TDI = daily dose causing no effect) for humans was set on 0.04
μg.kg-1 BW. For the calculation of the safe concentration in drinking water (1 μg / L) the
TDI value was multiplied by the average bodyweight of a human being (60 kg), drinking
2 liters of water per day (0.04 μg /kg × 60 kg / 2 liters of water ≈ 1 μg / L). In recreational
waters, WHO guideline levels for microcystins are based upon cell density rather than on
microcystin concentrations only. To protect swimmers for other unknown cyanobacterial
substances as well as for cyanobacterial toxins, three risk levels of adverse health
effects have been defined: 1. Relatively mild and / or low risk => a guideline of 20.000
cyanobacterial cells per ml, microcystin concentrations of maximal 10 μg / L water can
be expected; 2. Moderate risk => a guideline of 100.000 cells per mL, in case of a
Microcystis bloom microcystin concentrations of 20 μg / L water can be expected, in
case of Planktothrix dominance such concentrations can be more than doubled; 3. High
risk => scum formation, microcystin concentrations can accumulate in scum to more
than 10.000 μg / L (see Fig. 1.4) and reach lethal concentrations (Falconer et al., 1999).
In the Netherlands the guideline levels for microcystins are set at 20 μg / L. Below this
concentration no further action of water authorities is required. Persistent (several days
in a row) concentrations above 20 μg / L will lead to banned swimming. In case of scum
warnings should be issued (Ibelings, 2005).

1.4 Cyanotoxins in the Netherlands
In the Netherlands, the first reports on toxic cyanobacterial blooms appeared in the
1980s (Leeuwangh et al., 1983). Mouse assays revealed acute toxicity of samples from
surface scum dominated by Microcystis collected in Lake IJsselmeer and Brielse Meer.
In addition, samples in which Planktothrix dominated the phytoplankton showed severe
toxic effects. Within samples dominated by Gloeotrichia no lethal effects were observed.
In the early 1990s HPLC analyses of samples originating from 30 different locations
revealed that 75% of the systems dominated by Microcystis contained hepatotoxins and
50% of these hepatotoxin-containing water bodies proved toxic in mouse bioassays.
Likewise, 80% of waters dominated by Oscillatoria contained hepatotoxins (Aquasense,
1994). In 1998, screening of 50 Dutch lakes showed the presence of potentially toxinproducing genera in 83% of the lakes. In 21% of the lakes, concentrations of microcystins
were higher or close to 20 μg / L (Dutch guideline concentration for recreational waters).
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The abundance of potentially microcystin-producing genera could be detected from June
onwards with biomass peaks in August and September (STOWA, 2000). Based on this
study a working group of cyanobacterial specialists advised the Committee on Integrated
Water management (CIW) on the Dutch guideline levels, as discussed above. Since the
publication of these guideline levels, in the year 2000, water managers are more aware of
the potential risks of cyanotoxins, especially of microcystins. The result is an increase in
the number of microcystin measurements as evidenced by a recent inventory by Kardinaal
and Visser (2005). These authors collected all available microcystin data measured in
The Netherlands during the years 2001 to 2004. The microcystin concentrations in open
water varied from 0.1 μg / L to more than 100 μg / L. In scum, microcystin concentrations
of more than 10.000 μg / L were observed (Fig. 1.4). Obviously, scum formation is a
serious threat for swimmers and other recreational users of surface waters.

Figure 1.4 Microcystin concentrations analysed in scum in lakes in the Netherlands
during the seasons of 2001 – 2004. Concentrations are expressed as μg microcystin /
L water. Note that the concentrations are plotted on a log-scale (Kardinaal and Visser,
2005).
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The widespread occurrence of microcystin-producing cyanobacteria in Dutch lakes, reported by STOWA (2000), led to the scientific project DYNATOX (dynamics, toxin induction and early detection of toxic cyanobacteria in Dutch lakes) financed by the Technology Foundation (STW). The objectives of the DYNATOX project focussed on the early
detection of toxic cyanobacteria and the population dynamics of toxic versus non-toxic
strains. The DYNATOX project was based on a close collaboration between the Centre
for Limnology of the Netherlands Institute of Ecology (NIOO-CL) and the research group
Aquatic Microbiology of the Institute for Biodiversity and Ecosystem Dynamics of the
University of Amsterdam (IBED/UvA). The results of the DYNATOX project are presented
in this thesis.

1.5 Thesis outline
The central aim of the study presented in this thesis was to gain insight in the population
dynamics of microcystin-producing and non-producing strains, and how these population dynamics affect the microcystin concentrations in lakes. Variability in microcystin
concentrations in lakes during the growing season can be caused by
1.
changes in cyanobacterial biomass,
2.
changes in microcystin production within strains, as a result of changing
		
environmental factors,
3.
changes in the relative abundances of toxic versus non-toxic strains.
In Chapter 2 these sources of variability of microcystin concentrations in the surface
waters are discussed in detail. The chapter gives an overview of the effects of environmental factors on microcystin dynamics and how genotype composition may influence
this dynamics.
The idea that microcystin dynamics are influenced by genotype succession is further
studied in Chapter 3, where a molecular method, developed by Janse et al. (2003),
is used for the detection of toxin-producing strains in Planktothrix-dominated systems.
DNA sequences obtained from isolated strains, with known microcystin production,
originating from the studied lake systems are compared to DNA sequences found in the
lake samples.
In Chapter 4, the isolation of 126 single Microcystis colonies, analysed for their
microcystin production, revealed a relation between microcystin production of the
Microcystis colonies and their rRNA-ITS sequences. This novel molecular signature
allowed the study of toxic and non-toxic Microcystis genotype succession in Microcystisdominated lakes (Chapter 5). A striking seasonal succession was observed, from
dominance by toxic strains early in the summer season towards dominance of nontoxic strains during the height of the cyanobacterial blooms in late summer. The results
indicated that competition for light might be an important determinant of the seasonal
succession from microcystin-producing to non-microcystin-producing genotypes.
In Chapter 6, competition experiments with microcystin-producing and non-microcystinproducing genotypes were carried out in laboratory chemostats, with light as the limiting
resource. The results of these experiments confirm this plausible explanation for the
observed seasonal succession from toxic to non-toxic strains.
The general discussion, in Chapter 7, will evaluate the main results presented in
this thesis, on Microcystis genotype differentiation, succession of genotypes, and factors
determining the competition between genotypes. Furthermore, new questions arising
from this work and the application of new molecular tools in water management will be
discussed.
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Chapter 2

2.1 Introduction
Cyanobacteria can form dense blooms that hamper recreation by diminished water
clarity, bad odour and taste. Moreover, some cyanobacteria are toxic and cause incidental
illness or death of cattle, dogs and humans, or may even affect entire ecosystems with
disastrous impact on fish, birds and eukaryotic algae (Codd, 1995; Jochimsen et al., 1998;
Singh et al., 2001; Sipiä et al., 2002; Vardi et al., 2002; Codd et al., 2003; Codd et al.,
2005). Dense blooms dominated by toxic cyanobacteria can generate acute hazardous
situations. Proper water management requires knowledge about the environmental
factors that control cyanobacterial biomass and toxin production.
The key cyanobacterial genera known for their potential ability to produce toxic
substances include Anabaena, Aphanizomenon, Cylindrospermopsis, Lyngbya,
Microcystis, Nodularia, Nostoc and Planktothrix (Carmichael, 2001). These genera can
produce a wide variety of different toxic compounds (Sivonen and Jones, 1999). The toxins
can roughly be classified in hepatotoxins, neurotoxins and dermatotoxins. Hepatotoxins
are toxins that can damage the liver. The hepatotoxins produced by cyanobacteria
consist of microcystins, nodularins and cylindrospermopsins. In this review emphasis will
be on microcystins, produced by among others Microcystis, Anabaena and Planktothrix.
These microcystin-producing cyanobacteria belong to the most abundant cyanobacteria
in freshwaters and brackish waters. Consequently, microcystins can be found throughout
the world, in rivers, lakes, reservoirs, and also in brackish seas like the Baltic Sea. To
date, at least 71 different structural variants of microcystin have been found (Codd et al.,
2005). The variant microcystin-LR is considered to be most widespread, and is regarded
as one of the most toxic microcystins (its LC50 is estimated at 50 mg microcystin per kg
bodyweight; Sivonen and Jones, 1999).
Monitoring of microcystin concentrations in various lakes has revealed a high
variability in space and time. Table 2.1 illustrates some of the variability in both microcystin
concentrations (µg/L) and microcystins per unit dry weight (µg/g DW) in several lakes.
This shows that microcystin concentrations may range over more than 5 orders of
magnitude. Essentially four sources of variation may be responsible for this tremendous
variability in microcystin concentrations:
Variability in cyanobacterial biomass. A higher biomass of microcystin-producing
cyanobacteria will result in higher microcystin concentrations. Several environmental
factors affect the growth of cyanobacteria in lakes.
Methodological variability. Microcystin concentrations can be expressed in various
ways. For instance, microcystin can be expressed per volume of water, per unit of dry
weight, per unit of chlorophyll a, or per biovolume. Part of the observed variation in
microcystin concentrations might stem from the variability within the biomass estimates
themselves.
Physiological variability. Microcystin production by cyanobacteria is affected by several
environmental factors like nutrient availability, light conditions, and temperature.
Physiological studies with isolated cyanobacterial strains under controlled laboratory
conditions have shed light on this source of variability.
Variability in cyanobacterial species and genotype composition. The composition
of structural microcystin variants and the microcystin content can be quite variable
among species and even among different genotypes within the same species (Fastner
et al., 1999b; Rohrlack et al., 2001). As a result, changes in the species composition of
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Country

No. of samples
(% toxic)

Concentration
(µg/g DW or µg/L)

Argentina
Brazil
Brazil
Chile
Chile
China
Germany
Germany
Germany
Hungary

35 (97)
7
50 (18)
2 (100)
1 (100)
6 (100)
11 (100)
129 (100)
1 (100)
2 (100)

5.8 – 2400
0.08 – 3.70
0.003 – 10.0 (µg/L)
8 – 130
20
24.5 – 97.3
500 – 6500
0.14 – 119 (µg/L)
14700
1710-6600

France
Kenya
Korea
Morocco
Morocco
Netherlands
Ohio, USA
Philippines

25 (72)
4 (100)
25 (100)
9 (89)
8 (100)
48 (96)
5 (?)
3 (100)

0 - 5.2 (µg/L)
310 – 19822
0 – 0.2 (µg/L)
700 – 8800
0 – 8800
0-2420
1200 (max.)
649 – 4019

Philippines
Uruguay

11 (55)
9 (100)

0 – 1344
101 – 1074

Reference

Amé et al., (2003)
Domingos et al., (1999)
Hirooka et al., (1999)
Campos et al., (1999)
Neumann et al., (2000)
Shen et al., (2003)
Ernst et al., (2001)
Fromme et al., (2000)
Jungmann et al., (1996)
Reskóné and Törökné
(2000)
Briand et al., (2002)
Ballot et al., (2003)
Oh et al., (2001)
Oudra et al., (2001)
Loudiki et al., (2002)
STOWA (2000)
Brittain et al., (2000)
Cuvin-Aralar et al.,        
(2002)
Baldia et al., (2003)
De Leon and Yunez
(2001)

Table 2.1. Overview of recently published microcystin concentrations from various
countries. Concentrations are presented in µg/g dry weight (DW) or else in µg/L as
indicated.
cyanobacteria, and also changes in genotype composition within the same species, may
lead to considerable changes in microcystin concentration.
In this chapter, we review the impact of these sources of variability on microcystin
dynamics. In particular, we will focus on environmental factors that control cyanobacterial
growth and microcystin production, on different methods to express microcystin
concentrations, on changes in species and genotype composition, and on recent
methodological advances for the discrimination between toxic and non-toxic genotypes
of cyanobacteria.
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2.2 Variability in cyanobacterial biomass
To a large extent, the natural variability of the microcystin concentration in lakes is tied
to dynamic changes in the biomass of microcystin-producing cyanobacteria. In eutrophic
lakes in the temperate zone, cyanobacterial biomass typically increases after the clearwater phase in late spring or early summer. Depending on latitude and the nutritional
status of the lake, cyanobacterial dominance may be sustained until late summer or early
autumn (Wetzel, 2001).
Hypotheses to explain cyanobacterial dominance in eutrophic lakes are rather
diverse (see reviews by Hyenstrand et al., 1998; Dokulil and Teubner, 2000; Huisman
and Hulot, 2005) and will be summarized here:
Elevated water temperature. Maximum growth rates of cyanobacteria are often found
at 25oC or higher (Robarts and Zohary, 1987). This temperature optimum is, in general,
higher than the optimum temperature found for green algae and diatoms.
Low photon irradiance. Dense phytoplankton blooms or high background turbidity
may result in light limitation. Some cyanobacteria, in particular filamentous species of the
Oscillatoria group like Planktothrix Agardhii, have very low light requirements (Mur et al.,
1977; Scheffer et al., 1997). This enables them to become dominant over green algae
and diatoms under light-limited conditions. Other cyanobacteria, like Microcystis, have
higher light requirements, however, and hence will generally not become dominant under
light-limited conditions (Huisman et al., 1999).
Water-column stability. Many cyanobacteria possess gas vesicles, which provide them
with buoyancy (see Visser et al., 2005). In a stable water column, buoyant cyanobacteria
like Microcystis, Anabaena and Aphanizomenon may float upwards, and thus increase
their daily light dose (Ibelings et al., 1991). This gives buoyant cyanobacteria a competitive
advantage over non-buoyant phytoplankton species during periods of stable weather
with little turbulent mixing (Visser et al., 1996; Walsby et al., 1997; Huisman et al., 2004).
Furthermore, buoyancy regulation may enable these cyanobacteria to migrate between
surface layers with high light availability and deeper layers with high nutrient availability
(e.g. Ganf and Oliver, 1982). Stratifying cyanobacteria like Planktothrix rubescens can
accumulate at a depth where the combination of photon irradiance, light quality and
nutrient availability is most favourable for their growth (Konopka, 1989).
Zooplankton grazing. Zooplankton species like Daphnia are important phytoplankton
grazers in freshwater ecosystems. Daphnia can graze efficiently on phytoplankton not
exceeding a size of around 50 µm in diameter (Burns, 1968). Many colony-forming and
filamentous cyanobacteria are much larger than 50 µm, however, and for that reason may
experience a much lower grazing pressure than smaller planktonic algae. In addition,
the toxins produced by cyanobacteria may prevent high grazing pressures (e.g. Haney,
1987).
Carbon dioxide/pH. Many micro-algae and cyanobacteria possess active transport
systems for carbon dioxide and bicarbonate (Marcus et al., 1982; Espie et al., 1990;
Miller et al., 1990; Badger et al., 2002; Price and Badger, 2002). There is evidence that
these carbon-concentrating mechanisms are more efficient in cyanobacteria (Shapiro,
1973, 1990; Raven, 1985), which makes them good competitors at high pH values, a
general characteristic of eutrophic lakes.
Phosphorus storage. Several cyanobacteria have the ability to store excess
phosphorus as polyphosphates. This internal storage allows growth at low external
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phosphorus concentrations and favours these cyanobacteria in the competition with
other phytoplankton when phosphorus availability is low (Pettersson et al., 1993; Ducobu
et al., 1998; Dignum et al., 2005).
Nitrogen source. Based on enclosure experiments, Blomqvist et al., (1994) proposed
the hypothesis that the nitrogen source may explain cyanobacterial dominance. Nonnitrogen fixing cyanobacteria were favoured by ammonium-nitrogen, as also shown for
Oscillatoria (Planktothrix) by Klemer (1976) in enclosures. Nitrate-nitrogen favours the
development of eukaryotic phytoplankton. Nitrogen scarcity favours the development of
nitrogen-fixing cyanobacteria.
N/P ratio. Low ratios of the N to P-source favour cyanobacteria. Smith (1983)
postulated this hypothesis after analysing data from 17 lakes. He concluded that
cyanobacteria are generally better competitors for nitrogen than for phosphorus, and are
thus favoured in lakes with low total N/total P ratios.
All these mechanisms have been demonstrated to affect cyanobacterial dominance.
This implies that the commonly observed dominance of harmful cyanobacteria in eutrophic
lakes cannot be attributed to a single master factor. Rather, different cyanobacterial species
have different physiological traits and requirements, and hence are favoured by different
environmental conditions. Furthermore, many cyanobacteria exploit combinations of
several traits to become dominant. Aphanizomenon, for instance, combines at least
three different strategies that may contribute to its competitive success, as it profits from
its buoyancy, is capable of nitrogen fixation, and its filamentous morphology and colony
size offers protection against grazing. Further aspects of cyanobacterial dominance are
discussed by Huisman and Hulot (2005).

2.3 Methodological variability: how to express microcystin
concentrations?
Given that microcystin concentrations can be expressed in various ways, what would be
the most suitable unit of measurement for microcystin concentrations?
For water management purposes, expression of the microcystin concentration
per volume of water (e.g. in µg microcystin/L) seems most relevant. This allows a
straightforward evaluation of the health risks associated with cyanobacterial blooms,
and it also allows comparison of measured microcystin concentrations with the guideline
levels set by national authorities and the World Health Organization. Unfortunately, for
studies on the dynamics of microcystin production this measure is less useful because
changes in the population densities of cyanobacterial blooms will cause concomitant
changes in the microcystin concentration per volume of water, as most of the microcystin
is cell bound.
In studies on microcystin dynamics, microcystins are therefore often expressed per
unit of biomass. Here, biomass is usually measured in terms of dry weight or chlorophyll
a. These approaches also have their pitfalls, however. For instance, estimates of dry
weight are often based on total seston, which may include toxic cyanobacteria but also
other phytoplankton, zooplankton, and particulate organic matter. Consequently, the
microcystin concentration expressed per unit dry weight may be quite variable owing
to changes in, for instance, particulate organic matter, which may have little to do with
shifts in the abundances of toxic cyanobacteria. Accordingly, Fastner et al., (1999b)
showed that the variability of microcystin concentrations between lakes was smaller
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when normalised to chlorophyll a than when normalised per unit seston dry weight. Good
correlations of microcystin concentrations with phytoplankton numbers and chlorophyll a
concentrations have been reported (Kotak et al., 1995; Oh et al., 2001). A problem that
applies when microcystin concentrations are normalised per unit chlorophyll a is that all
phytoplankton species contain chlorophyll a, not only toxic cyanobacteria. Thus, changes
in phytoplankton species composition may lead to changes in microcystin concentrations
per unit chlorophyll a, even if abundances of toxic cyanobacteria remain constant.
Furthermore, the chlorophyll contents of phytoplankton species are quite sensitive to a
wide range of environmental factors, including light and nutrient conditions (Collier and
Grossman, 1992; Burnap et al., 1993; Falkowski and Raven, 1997; Bibby et al., 2001;
Jeanjean et al., 2003; Yeremenko et al., 2004), such that chlorophyll is not a very robust
proxy of phytoplankton biomass.
Quantification of the abundances of potentially toxic cyanobacteria and the expression
of microcystin concentrations per cell or per unit biovolume of these cyanobacteria
seems the most relevant approach to monitor microcystin dynamics. This approach is
quite laborious, as it requires identification of potentially toxic cyanobacterial species and
the measurement of their biovolumes (e.g., by microscope, image analysis techniques,
or automated cell counters). Expression of microcystins per unit biovolume of toxic
cyanobacteria has the advantage, though, that differences in cell dimensions among
species are cancelled out, and that the microcystin dynamics are directly linked to the
species that may produce these microcystins. The use of biovolume has been reported
over the last years to be a good biomass estimate. Wiedner et al., (2002) showed that
the dynamics of microcystin concentrations closely followed the dynamics of biovolumes
of Planktothrix agardhii in a German lake. Likewise, Fastner et al., (1999a) noted that
observed changes in microcystin concentration reflected the contributions of different
cyanobacterial species to the phytoplankton biomass.

2.4 Physiological variability: the impact of environmental factors
Dynamics of microcystin concentrations cannot always be explained by changes in the
abundances of cyanobacteria. In many cases, variation in toxin concentration occurs
independent of changes in the size of the cyanobacterial population. Welker et al., (2003)
found that the microcystin content of Microcystis (expressed per biovolume) in Lake
Müggelsee ranged from 0.1 µg/mm3 to more than 5 µg/mm3. For another German lake,
Jähnichen et al., (2001) reported that a relative low biovolume of cyanobacteria coincided
with a high concentration of microcystin at the onset of cyanobacterial growth, while
later in the season samples with high biovolumes but low microcystin concentrations
were observed. In addition to changes in cyanobacterial abundance, other processes
regulating the microcystin concentration per biomass must be involved to explain this
variation.
2.4.1 Field studies
In search for explanations of observed microcystin variability, several studies have been
initiated that perform year-round monitoring of environmental factors and microcystin
dynamics in lakes. In a study by Kotak et al., (1995), positive correlations were
found between the microcystin content (expressed per Microcystis dry weight) and

24

                      Dynamics of cyanobacterial toxins: Sources of variability in microcystin concentrations

the concentrations of total phosphorus (TP) and soluble reactive phosphorus (SRP).
In the same study, negative relations were found between the microcystin content of
Microcystis and dissolved nitrogen (nitrate and ammonium), temperature and Secchi
depth, but none were significant. In contrast, Wicks and Thiel (1990) found negative
relations for the microcystin concentration in Microcystis scum (mainly M. aeruginosa)
and the orthophosphate concentration. Positive correlations were found between
microcystin concentrations and solar radiation, oxygen saturation, water temperature,
and primary production. Jungmann et al., (1996) monitored various chemical and
physical parameters as well as the microcystin content of Microcystis, but found no
significant relations between environmental parameters and microcystin concentrations.
Kotak et al., (2000) compared environmental data to toxin concentrations of Microcystis
in multi-species assemblages, and found negative correlations of both microcystin-LR
concentrations and Microcystis biomass with Secchi depth and positive correlations with
chlorophyll a, TP and pH.
In conclusion, these field studies indicate that microcystin dynamics (expressed per
cyanobacterial biomass) correlate with light, nutrients or the ratio between nutrient pools,
i.e., the same factors that influence cyanobacterial growth.
2.4.2 Laboratory studies
2.4.2.1 Effect of environmental factors on microcystin production
In the field, several factors may vary at the same time. This makes it difficult to assess
causal relationships between environmental factors and physiological variables (e.g.
microcystin production). In laboratory cultures, conditions can be controlled and the
effect of single environmental factors on microcystin production can be investigated.
During the past few years, research has focused on the effects of phosphorus, nitrogen,
light, iron and temperature on the microcystin content in laboratory cultures. Sivonen
and Jones (1999) reviewed this work, and conclude that the majority of studies indicate
that cyanobacteria produce the highest amount of toxins under conditions that are most
favourable for growth. This is consistent with results of the field studies described in
the previous paragraph. In particular, Sivonen and Jones conclude that cyanotoxins are
produced in highest amounts under optimal light conditions. These optimal light conditions
may differ among various cyanobacterial taxa, depending on their light requirements
(e.g., Planktothrix prefers low light, whereas Aphanizomenon prefers high light). Also,
nutrient-rich conditions generally result in a higher microcystin production.
Sivonen and Jones (1999) further note that differences in the experimental setup of laboratory cultures as well as the use of different biomass estimates probably
cause inconsistencies in the results of different studies. Laboratory cultures that are
typically used for this type of research include batch cultures, semi-continuous cultures,
and continuous cultures. In batch cultures, growth conditions cannot be controlled at a
constant value. That is, population densities in a batch culture change, with concomitant
changes in nutrient depletion and shading. If, say, population density or light availability
would affect microcystin production, this might interfere with the actual factor under
investigation in a batch culture, such as a nutrient limitation. In steady-state continuous
cultures, all factors except the variable of interest can be kept constant for a prolonged
time. Thus, although continuous-culture experiments are time-consuming and rather
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expensive, continuous cultures generally provide more controlled laboratory conditions
allowing more detailed study of cyanobacterial toxin production.
Laboratory studies with isolated strains of different species have revealed that
microcystin production and contents of cyanobacteria can be affected by a wide variety of
factors, including temperature (van der Westhuizen and Eloff, 1985; Rapala et al., 1997),
pH (Song et al., 1998), light (Sivonen, 1990; Utkilen and Gjølme, 1992; Wiedner et al.,
2003), nitrogen (Sivonen, 1990; Orr and Jones, 1998; Long et al., 2001), phosphorus
(Sivonen, 1990; Rapala et al., 1997; Oh et al., 2000), and iron (Utkilen and Gjølme, 1995).
Orr and Jones (1998) and Long et al., (2001) hypothesised that the impact of so many
environmental factors on microcystin production might be explained by the growth rate
forcing the microcystin production. This hypothesis was supported by the observation of
a positive relation between the microcystin production rate and cell specific growth rate in
N-limited Microcystis batch cultures. Oh et al., (2000) found a similar relation in P-limited
continuous cultures of Microcystis (strain UTEX 2388).
Cellular microcystin contents are also affected by growth rate. For instance, Long
et al., (2001) found that microcystin contents of Microcystis under stringent nitrogen
limitation were about three times lower than microcystin contents under nitrogensaturated conditions. Similarly, Wiedner et al., (2003) found that, under light-limited
conditions, the specific growth rate and cellular microcystin content both increased
about twofold with increasing light intensity. However, this relation did not apply to lightsaturated conditions. At high light levels the specific growth rate remained constant while
the cellular microcystin content declined with increasing light intensity.
The studies of Long et al., (2001) and Wiedner et al., (2003) used different Microcystis
strains. How robust are their findings? Would experiments with other strains yield similar
results? Hesse and Kohl (2001) compared the microcystin production of six Microcystis
strains under different conditions of nitrogen, phosphorus, and light. This revealed that
the microcystin contents of these strains varied by a factor of 2-3 in response to changes
in nutrient and light conditions, consistent with the findings of Long et al., (2001) and
Wiedner et al., (2003). However, the strains differed in the direction of their response. For
instance, strain W334 increased its microcystin content under light limitation, whereas
strain W368 decreased its microcystin content. Analogously, strain W368 increased its
microcystin content under phosphorus limitation, while the strains HUB 5-2-4 and W334
decreased their microcystin content (Hesse and Kohl, 2001).
In conclusion, laboratory studies indicate that the microcystin contents of cyanobacteria
may vary by a factor of 2-3 in response to different environmental conditions. However,
the observed changes in microcystin content seem to differ between different strains and
different environmental conditions. This variability among strains complicates any further
generalisations on the adaptive response of microcystin contents to environmental
factors.
2.4.2.2 Are microcystins primary or secondary metabolites?
Cyanobacteria can synthesize a broad range of secondary metabolites, including peptides,
polyketides and alkaloids. Microcystins are peptides produced by the non-ribosomal
peptide synthetase pathway (see Börner and Dittmann, 2005) and are considered to be
secondary metabolites (Carmichael, 1992). However, Orr and Jones (1998) objected to
microcystins being secondary metabolites. Their argument is based on the observation
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that most secondary metabolites are normally triggered when growth ceases, whereas
microcystin production may increase with increasing growth rate. A strong indication that
microcystin is a true secondary metabolite came from the observation that the growth
rate of a wild type Microcystis strain with microcystin-synthetase gene was retained in a
derived mutant without functional microcystin-synthetase (Hesse et al., 2002). Similarly,
different wild-type strains of Microcystis with and without microcystin production lack
substantial differences in growth rate (Hesse and Kohl, 2001; Böttcher et al., 2001). Yet,
the functional role of microcystin in intracellular or extracellular metabolism is still not
elucidated. A further search for conditions that trigger transcription and functional activity
of the assembled microcystin synthetase would be very informative. Based on ecological
and molecular investigations, Kaebernick and Neilan (2001) have suggested putative
extracellular and intracellular functions for microcystin. Extracellular functions can be the
reduction of zooplankton grazing mediated by microcystin, or the use of microcystin in
allelopathic interactions or cell-cell communication (Dittmann et al., 2001). Intracellular
functions of microcystin have been related to iron-ion balance (Utkilen and Gjølme, 1995)
or functions in regulation of light harvesting (Hesse et al., 2002).
2.4.2.3 Genetic regulation of microcystin production
Plant toxins may be produced constitutively (e.g. precursors of antimicrobial compounds)
or may be synthesized in response to environmental triggers (Wittstock and Gershenzon,
2002; Osbourn et al., 2003). In microcystin-producing cyanobacteria, genes encoding for
the microcystin synthetase enzyme complexes are always present and are apparently
expressed constitutively. Only a few examples exist of non-microcystin-producing species
with microcystin synthetase genes present (Neilan et al., 1999; Pan et al., 2002). Variation
in cellular microcystin contents, by a factor of 2-3, results from changes in transcription
of the genes (i.e. the number of mRNA copies produced), the subsequent translation of
mRNA and assembly of the synthetase complex, the specific activity of the synthetase
complex to produce microcystin, and/or the potential turnover of microcystin. Questions
on the extent to which microcystin production is genetically controlled are under current
investigation (Börner and Dittmann, 2005).

2.5 Variability in cyanobacterial species and genotype composition
The variability in microcystin concentration per unit cyanobacterial biomass observed in
lakes (Table 2.1) greatly exceeds the two- to three-fold variability in cellular microcystin
content typically observed in isolated laboratory strains. Changes in species and genotype
composition of the cyanobacterial community may to a large extent explain the dynamics
of the microcystin concentration in lakes. In this section, therefore, the succession of
various cyanobacterial species, morphotypes, and genotypes will be discussed.
2.5.1 Dynamics within Cyanobacterial communities
Harmful cyanobacteria comprise a range of different genera, species and genotypes.
Fastner et al., (1999b) showed that different cyanobacterial genera may produce
different amounts and structural variants of microcystin. Lakes dominated by Planktothrix
species had significantly higher concentrations of microcystin per biomass than lakes
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dominated by Microcystis species. Changes in cyanobacterial species composition may
thus contribute to the variability of the microcystin dynamics often observed in lakes
dominated by cyanobacteria.

Figure 2.1 Seasonal changes in the abundance of Anabaena, Aphanizomenon,
Microcystis and Planktothrix in Lake Kinselmeer, The Netherlands. Bars indicate
microcystin concentrations (in µ/L), as measured by HPLC.
In shallow polymictic eutrophic lakes, cyanobacterial biomass is often dominated by
filamentous species of the Oscillatoriales group. Examples include the perennial blooms
of e.g. Planktothrix agardhii observed in shallow lakes in The Netherlands (Berger, 1989;
Scheffer et al., 1997), Germany (Wiedner et al., 2002) and France (Briand et al., 2002).
Figure 2.1 shows the seasonal changes in cyanobacterial dominance and microcystin
concentration in shallow Lake Kinselmeer, The Netherlands. The peaks in microcystin
concentration in this lake coincided with the dominance of Planktothrix and the less
abundant Microcystis during spring and fall, while microcystin concentrations remained
low during the two summer blooms of Anabaena. Wiedner et al., (2002) studied several
shallow polymictic lakes where either Planktothrix or Limnothrix dominated cyanobacterial
biomass during late summer. Prior to the dominance of these Oscillatoriales, the
Nostocales (mainly Anabaena, Aphanizomenon and Anabaenopsis species) reached
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their maximum population density in early summer. In a Planktothrix-dominated lake,
toxin concentrations closely followed the biovolume of Planktothrix. In lakes dominated by
Limnothrix species, no toxin production was detected. In contrast, in the study of Briand
et al., (2002) microcystin dynamics did not track the dynamics in Planktothrix biomass.
Briand et al., suggest that the microcystin dynamics they observed might result from a
succession of closely related Planktothrix genotypes, each producing different amounts
of microcystin. From cultured strains, it is known that toxic and non-toxic Planktothrix
strains indeed exist (Lyra et al., 2001).
Several deep stratified lakes are characterized by a seasonal succession of buoyant
cyanobacteria, from Anabaena and Aphanizomenon dominance in spring towards
Microcystis-dominated communities in summer (Watanabe et al., 1992; Kotak et al.,
1995; Welker et al., 2003). Isolation and cultivation of cyanobacterial strains from deep
stratified lakes in The Netherlands showed that microcystin production could not be
detected in the Anabaena and Aphanizomenon strains. Here microcystin production was
governed by Microcystis (Kardinaal, unpublished data).
For a long time, taxonomic identification of different Microcystis species has been
based on morphological criteria like colony morphology, colony size, cell size, and
mucilage envelope (Komárek and Anagnostidis, 1999). Fastner et al., (2001) showed
that the morphotypes of Microcystis may differ in composition of microcystin structural
variants. It appears that M. aeruginosa is the most widespread morphotype worldwide. In
an extensive study, Kurmayer et al., (2002) found that 73% of the M. aeruginosa colonies
contained the mcyB gene (part of the total gene cluster encoding for the microcystin
synthesis; Börner and Dittmann, 2005). In contrast, this gene could be detected in only
17% of the M. ichtyoblabe and in none of the M. wesenbergii colonies, illustrating the
different abilities for microcystin production of these morphotypes.
Succession of different Microcystis morphotypes might therefore explain the
microcystin dynamics in a lake. In Lake Suwa, Japan, succession of different Microcystis
morphotypes could indeed be related to microcystin concentrations (Park et al., 1998).
In three out of four seasons, the microcystin concentration was closely related to the
exponential growth phase of the dominant M. aeruginosa and M. viridis, whereas M.
wesenbergii was found to be non-toxic. In Danish lakes, however, blooms of toxic M.
wesenbergii have been described and in several experimental studies toxic M. wesenbergii
strains have been reported (Neilan et al., 1997; Otsuka et al., 1999; Henriksen, 2001;
Pan et al., 2002). In another Japanese lake, Lake Kasumigaura, the temporal variation
in microcystin concentration could not be related to Microcystis biomass or Microcystis
species composition (Watanabe et al., 1992). Jähnichen et al., (2001) showed that in
Bautzen Reservoir, Germany, four potential microcystin producers, M. aeruginosa, M.
viridis, M. wesenbergii and Planktothrix agardhii, alternated in dominance. Within a
single season subsequent peaks in cyanobacterial biomass were dominated by different
cyanobacterial species. Peaks in microcystin concentration, however, did not coincide
with peaks in cyanobacterial biomass. In laboratory studies several Microcystis strains
appear to show so much morphological plasticity that they can display characteristics
of various different morphospecies (Otsuka et al., 2000). Hence, identification of the
different morphotypes of Microcystis is insufficient for reliable prediction of microcystin
dynamics.
Within a single morphotype of Microcystis, different toxic and non-toxic genotypes may
coexist. Rohrlack et al., (2001) isolated 22 Microcystis strains from Lake Wannsee and
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Lake Pehlitzsee, Germany. They found much dissimilarity in microcystin concentration
per unit biomass among these strains, ranging from strains without microcystin to
strains containing 4000 µg microcystin/g DW. Carrillo et al., (2003) confirmed these
findings for 26 strains of M. aeruginosa isolated from three reservoirs in Spain. Thus,
microcystin contents can vary considerably among different Microcystis strains that are
morphologically indistinguishable and co-occur in the same lake.
To complicate things further, Jungmann et al., (1996) suggested that colony size
could play a role in the microcystin content of Microcystis. They found that in colonies
larger than 100 µm diameter the microcystin content was higher than in the smaller size
classes (30-66 µm). This impact of colony size has been confirmed by recent studies.
Kurmayer et al., (2003) isolated Microcystis colonies, and each colony was tested for the
presence of the mcyB gene. It was shown that larger colonies (> 100 µm) more often
contained the mcyB gene than small colonies (< 100µm). Microcystin dynamics could
be related to the population development of the larger colonies (> 100 µm). Another
study with colonies isolated from all over Europe showed that 88% of the colonies larger
than 1100 µm produced microcystin. The proportion of microcystin-producing colonies
dropped to around 50% for colonies of 400–1100 µm and to around 20% for colonies
smaller than 400 µm (Via-Ordorika et al., 2004).
2.5.2 patterns in microcystin dynamics
To recapitulate, there is increasing evidence that the microcystin dynamics in freshwater
lakes largely result from successional replacement of a multitude of cyanobacterial
genotypes that differ in microcystin production (Sivonen and Jones, 1999; Chorus et al.,
2001; Rohrlack et al., 2001; Briand et al., 2002; Wiedner et al., 2002; Carillo et al., 2003;
Welker et al., 2003). These various microcystin producing and non-producing genotypes
cannot be differentiated using standard microscopy. Despite this apparent complexity,
however, some striking patterns in seasonal microcystin dynamics may emerge. Welker
et al., (2003) recently pointed at a significant negative relation between the microcystin
content per unit biovolume of Microcystis (μg/mm3) and the actual Microcystis biomass
(mm3) in Lake Müggelsee, Germany. They suggest that toxigenic cells are relatively
more abundant or more toxigenic at the onset of the Microcystis bloom (end of June/early
July) than at the height of the Microcystis bloom (August). Reanalysis of data from four
Dutch lakes dominated by Microcystis revealed a similar negative relation between the
microcystin content of Microcystis and the total Microcystis biomass (Fig. 2.2). Also in
these Dutch lakes, the microcystin content per unit biomass was highest in early summer,
at the onset of the Microcystis blooms.
To investigate the generality of this emergent pattern, we screened the scientific
literature for other studies on seasonal microcystin dynamics in Microcystis-dominated
lakes. In Hartbeespoort Dam, South Africa, a similar negative relation between the
microcystin content per unit of cyanobacterial biomass and Microcystis abundance has
been observed (Wicks and Thiel, 1990). There, the peak in microcystin content occurred
in February, during midsummer in the Southern hemisphere. In studies of lakes in Japan
(Watanabe, 1992), USA (Jacoby, 1999) and Sweden (Cronberg, 1999), microcystin
contents were expressed per unit of total dry weight. On the basis of their reported
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Figure 2.2 Relation between the microcystin content of cyanobacteria (expressed
as microcystin-LR equivalents per cyanobacterial chlorophyll a) and cyanobacterial
abundance (expressed as cyanobacterial chlorophyll a, based on flow-cytometric data)
in four Dutch lakes: Lake Gouden Ham (○), Lake ‘t Joppe (□), Lake Sloterplas (∆) and
Lake de Eend (♦) (Linear regression: R2 = 0.42; P < 0.0001; n = 36). Data were collected
by STOWA (2000).
plankton composition, we partitioned the total dry weight into dry weight originating
from cyanobacteria and dry weight from other plankton species. This again revealed a
trend in which the highest microcystin levels per unit cyanobacterial biomass occurred
at the start of the cyanobacterial bloom; microcystin contents declined during further
bloom development. In the Bautzen Reservoir, Germany, Jungmann et al., (1996)
monitored temporal dynamics of microcystin: at the end of June the microcystin content
per Microcystis biomass (µg/mg) was highest. Assuming that the Microcystis bloom
in this lake increased further towards the end of August, the data are in line with the
other observations in this paragraph. A decline of microcystin content with increasing
Microcystis biomass was also observed in three lakes in Canada (Kotak et al., 1995).
Peak abundance of M. aeruginosa occurred in August and September, while in five out of
the nine lake years investigated the highest toxin concentration per Microcystis biomass
was found at the end of June. In a wastewater treatment plant in Portugal the cellular
microcystin contents were highest in June, approximately 320 fg/cell. Later in summer,
microcystin contents dropped to around 10 fg/cell (Vasconcelos and Pereira, 2001). In
the Daechung Reservoir, Korea, cellular microcystin contents peaked at the end of June,
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but were still higher after the blooming of Microcystis at the end of August, probably
because of the increasing abundance of Planktothrix species (Oh et al., 2001).
All in all, 24 of the 31 lake years that we found in the literature clearly showed a
negative density dependence of the microcystin content. That is, the microcystin content
per unit of Microcystis biomass declined while the Microcystis population increased. In
7 of the 31 lake-years, this relation was either less evident or not present at all. These
findings suggest that in the majority of Microcystis-dominated lakes the seasonal
succession starts with one or more toxic genotypes that are gradually (but not completely)
displaced by non-toxic genotypes during the course of summer. Which factors might drive
this seasonal pattern? Experimental studies of Hesse and Kohl (2001) and Vezie et al.,
(2002) suggest that high nutrient levels favour the growth of toxic Microcystis genotypes
over non-toxic genotypes. In many lakes, nutrient availability is gradually depleted
during summer, thereby possibly favouring a shift from toxic to non-toxic genotypes.
An alternative explanation might be that in dilute populations natural selection favours
a high toxicity per cell to deter potential grazers, whereas with increasing population
densities less microcystin per individual cell is required to generate a similar deterrent
effect. Additional research is needed to investigate these hypotheses, and to establish
whether similar patterns can be found for other cyanobacterial species as well.

2.6 Molecular tools for the identification of toxic genotypes
The studies reviewed in the preceding sections show that variability in genotype
composition within cyanobacterial communities has a great impact on the variability
in microcystin concentrations in lakes. However, different genotypes within the same
genus generally cannot be distinguished by microscope. Recent advances in molecular
biology offer promising tools to differentiate between toxic and non-toxic genotypes. Two
different molecular approaches have thus far been applied. One approach makes use of
the presence of the microcystin synthetase genes, whereas the other approach focuses
on the genetic relatedness of the cyanobacteria. Both approaches and their possible
applications will be discussed here.
2.6.1 Microcystin synthetas genes
Genes encoding for microcystin synthetases have been largely identified for microcystinproducing strains of Microcystis, Anabaena and Planktothrix (Dittmann et al., 1997;
Tillet et al., 2000; Christiansen et al., 2003; Hisbergues et al., 2003; Rouhiainen et al.,
2004; Börner and Dittmann, 2005). Based on sequence information of these genes,
specific genetic primers have been developed for the amplification of the mcyA and
mcyB regions, both encoding a step in microcystin biosynthesis. The high sensitivity
and specificity of these primers has been demonstrated in laboratory cultures as well as
in field samples (Tillet et al., 2001; Pan et al., 2002; Hisbergues et al., 2003), allowing
identification of microcystin-producing cyanobacteria. During bloom development the
presence of cyanobacteria with the mcyA synthetase gene was monitored and their
toxicity was confirmed by HPLC measurements (Baker et al., 2002).
An approach to quantify the abundances of microcystin-producing genotypes
was recently developed by Kurmayer and Kutzenberger (2003). They developed
two independent quantitative real-time PCR assays. One of the assays was used
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to quantify the total Microcystis cell number, and the other to quantify the number of
microcystin-producing cells. For the first assay the ITS region of the phycocyanin operon
was amplified, whereas for the second assay a part of the mcyB gene was amplified.
The assays were tested in laboratory samples as well as in field samples from Lake
Wannsee, Germany. A good relation was found between microscopic cell counts and
the quantitative PCR results of the phycocanin quantification assay. However, although
all tested laboratory strains showed equal amplification efficiencies, the test rendered a
systematic overestimation of cell numbers by a factor of two to six, probably because of
the presence of multiple genome copies per cell. The field samples indicated that the
proportion of mcyB-containing cells in the Microcystis population was relatively constant,
at about 11% during all seasons.
Vaitomaa et al., (2003) developed a comparable method to identify and quantify
genotypes responsible for microcystin production. To this end, genus-specific mcyE
primers were used to estimate the number of mcyE copies by quantitative real-time PCR.
The method was tested in lakes in Finland. In Lake Tuusulanjärvi the results show clearly
that the Microcystis genotypes were mainly responsible for producing microcystin within
a cyanobacterial population dominated by Microcystis, Anabaena and Aphanizomenon.
No correlation was found between the number of mcyE copies and the microcystin
concentration. The number of mcyE copies was high compared to microscopic cell
counts, analogous to the findings of Kurmayer and Kutzenberger (2003) for phycocyanin
genes. Again, this overestimation is likely a consequence of multiple genome copies per
cell, or results from underestimation of the genome sizes of the external standard strains
used for comparison.
2.6.2 Phylogeny-based recognition of strains
Another approach to distinguish between toxic and non-toxic strains is to search for
a phylogenetic relation with microcystin production. Lyra et al., (2001) characterised
cyanobacterial phylogeny by comparison of 16S rRNA gene sequences of a large
number of laboratory isolates of freshwater cyanobacteria. Four clades became apparent:
clade 1 contained filamentous heterocyst-forming cyanobacteria (like Anabaena and
Aphanizomenon); clade 2 contained Planktothrix species; clade 3 revealed colonyforming Microcystis strains, and clade 4 contained Synechococcus strains. However, it
was not possible to make a straightforward differentiation between toxic and non-toxic
strains within those clades.
In a more detailed follow-up study, analyses of sequences for 16S rRNA, 16S23S rRNA internal transcribed spacer (rRNA-ITS) and a RubisCO gene spacer (rbcLX)
showed high similarity between the genera Anabaena and Aphanizomenon (Gugger
et al., 2002). A first cluster contained anatoxin-producing Anabaena, a second cluster
contained only non-toxic strains of Anabaena and Aphanizomenon and a third cluster
contained microcystin-producing Anabaena strains. However, cluster 1 also contained
non-toxic strains from both genera, and cluster 3 also contained non-toxic Anabaena
strains.
Likewise, other studies revealed that the microcystin-producing genera Microcystis
and Planktothrix could not be divided into distinct clusters of toxic and non-toxic strains
on the basis of their 16S rRNA sequences (Neilan et al., 1997; Otsuka et al., 1998; Lyra
et al., 2001). Otsuka et al., (1999) investigated the rRNA internal transcribed spacer of 47
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Microcystis strains, and distinguished three major clusters. The first cluster contained a mix
of microcystin-producing M. aeruginosa and various non-toxic morphotypes; the second
cluster contained solely microcystin producing-strains of three different morphotypes,
and the third cluster mainly consisted of the non-toxic morphotype M. wesenbergii. Thus,
generally speaking, direct sequencing and comparison of 16S rRNA and rRNA-ITS genes
is still too coarse to distinguish between toxic and non-toxic strains.
Janse et al., (2003) developed a high-resolution method based on the application
of denaturing gradient gel electrophoresis (DGGE) to rRNA-ITS sequences. DGGE is a
powerful method for analysis of the biodiversity and dynamics of microbial populations.
Primers and PCR protocols were designed to target the cyanobacterial rRNA-ITS. DGGE
profiles of rRNA-ITS yielded high-resolution differentiation of closely related organisms.
The method proved to differentiate between cyanobacterial genera. Moreover, most of
the 20 Microcystis cultures tested could be differentiated when using this technique. As a
next step, (chapter 4) studied 107 Microcystis colonies from 16 different lakes in Europe
and Morocco. The presence of microcystins in each colony was examined by MALDITOF mass spectrometry, and the colonies were differentiated on the basis of their rRNAITS PCR amplified products via DGGE. This approach rendered 59 different classes of
microcystin-producing and non-producing genotypes. Sequences of the ITS fragment
from representative genotypes were congruent with the classification based on rRNAITS DGGE. Alignment of the colony sequences and published rRNA-ITS sequences from
known toxigenic Microcystis cultures confirmed the unique recognition of microcystinproducing genotypes based on their rRNA-ITS sequences. This high-resolution method
can be useful to monitor the population dynamics of specific genotypes of microcystinproducing cyanobacteria within a mixture of species.

2.7 Conclusions
The studies reviewed in this chapter reveal a tremendous variability in the microcystin
contents of cyanobacterial blooms, spanning at least 5 orders of magnitude. Some
blooms dominated by potentially microcystin-producing genera are not toxic at all,
whereas other blooms dominated by the same genera are highly toxic and can thus pose
a serious health threat. Part of the reported variability can be attributed to methodological
differences in microcystin analysis. International standardisation of methodology is
therefore recommended, preferably by quantification of microcystin contents per unit of
cyanobacterial biovolume. Part of the variability can also be attributed to physiological
variation in microcystin contents induced by environmental factors. Changes in nutrient
and light conditions do affect the microcystin contents of isolated cyanobacterial strains
to some extent, but the two- to threefold physiological variation commonly observed in
laboratory strains does not account for the microcystin variability over one or more orders
of magnitude commonly observed in the field. By and large, the major source of variation
in microcystin contents seems to be related to the successive replacement of toxic and
non-toxic genotypes within cyanobacterial genera. This variability is a major problem
for water management authorities, because it implies that the toxicity of cyanobacterial
blooms cannot be assessed by standard microscopic enumeration of cell numbers of
cyanobacterial species. Recognition of toxic genotypes is therefore of key importance
to forecast the microcystin dynamics in any given situation. The recently developed
molecular approaches seem promising tools to monitor the population dynamics of
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toxic and non-toxic genotypes and, thereby, to elucidate the factors driving microcystin
dynamics within cyanobacterial communities.

Acknowledgements
We like to thank Jef Huisman for restructuring the manuscript, which greatly improved
it. We also like to thank Thomas Börner, Hans C.P. Matthijs and Martin Welker for their
helpful comments on the manuscript. WEAK was supported by the DYNATOX project
funded by the Dutch Technology Foundation (STW). PMV was supported by the Earth and
Life Sciences Foundation (ALW), which is subsidized by the Netherlands Organization
for Scientific Research (NWO).

35

Chapter 3
Contrasting microcystin production and
cyanobacterial population dynamics in two
Planktothrix dominated freshwater lakes
Janse I, Kardinaal WEA, Kamst-van Agterveld M, Meima M, Visser PM, Zwart G (2005)
Contrasting microcystin production and cyanobacterial population dynamics in two Planktothrix
dominated freshwater lakes. Environ Microbiol 7:1514-1524

Author Posting. © Society for Appilied Microbiology. This is the author’s version of the work. It is
posted here by permission of Society for Appilied Microbiology for personal use, not for redistribution.
The definitive version was published in Environmental Microbiology 7:1514-1524.

Chapter 3

Abstract
Microcystin concentrations in two Dutch lakes with an important Planktothrix component
were related to the dynamics of cyanobacterial genotypes and biovolumes. Genotype
composition was analyzed by using DGGE profiling of the intergenic transcribed spacer
region of the rrn operon (rRNA-ITS), and biovolumes were measured by using microscopy.
In Lake Tjeukemeer, microcystins were present throughout summer (maximum
concentration 30 µg/l) while cyanobacterial diversity was low and very constant. The
dominant phototroph was P. agardhii. In contrast, Lake Klinckenberg showed a high
microcystin peak (up to 140 µg/l) of short duration. In this lake, cyanobacterial diversity
was higher and very dynamic with apparent genotype successions. Several genotypes
derived from DGGE field profiles matched with genotypes from cultures isolated from
field samples. The microcystin peak measured in Lake Klinckenberg could be confidently
linked to a bloom of P. rubescens, since microscopic and genotypic analysis showed
identity of bloom samples and a toxin-producing P. rubescens culture. Toxin-producing
genotypes were detected in the microbial community before they reached densities at
which they were detected by using microscopy. Cyanobacterial biovolumes provided
additional insights in bloom dynamics. In both lakes, the microcystin content per cell
was highest at the onset of the blooms. Our results suggest that while genotypic
characterization of a lake can be valuable for detection of toxic organisms, for some
lakes a monitoring of algal biomass has sufficient predictive value for an assessment of
toxin production.

3.1 Introduction
Blooms of cyanobacteria occur worldwide in various aquatic environments, including
freshwater lakes and drinking water reserves. During blooms, several cyanobacterial
genera produce toxins which have been linked to animal death and human illness. There
is a considerable variation in the amounts and types of toxins produced by cyanobacteria.
Most toxins can be produced by several genera, and vice versa, many genera are capable
of producing multiple types of toxins (Sivonen and Jones, 1999). The best studied
toxins are microcystins, hepatotoxic cyclic peptides that have been characterized from
planktonic Microcystis, Anabaena, Nostoc, Anabaenopsis and Planktothrix (Oscillatoria)
species, and from terrestrial Hapalosiphon genera (Sivonen and Jones, 1999).
Many freshwater lakes at higher latitudes are dominated by filamentous cyanobacteria
of the genus Planktothrix. They have a preference for low light and can tolerate low
temperatures. Green-pigmented Planktothrix agardhii often predominates in hypertrophic
shallow lakes in Northern Europe where it may persist throughout the year (Mur et al.,
1999; Briand et al., 2002). Red-pigmented P. rubescens may form blooms in deeper,
thermally stratified lakes with moderate nutrient pollution (Sivonen and Jones, 1999).
The two species are closely related, as was shown by the absence of polymorphic sites
in fractions of the 16S gene and rare occurrence of polymorphisms in the rRNA intergenic
transcribed spacer (rRNA-ITS) and rbcLX genes in 19 cultures (Humbert and Le Berre,
2001). Both P. agardhii and P. rubescens are common microcystin producers (Fastner et
al., 1999; Sivonen and Jones, 1999; Briand et al., 2002). The significance of P. agardhii
blooms to public health became evident after an incident in which soldiers suffered several
complaints after exposure to a hepatotoxic bloom of P. agardhii (Codd et al., 1999). In
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addition to microcystins, Planktothrix cells can also produce dermatotoxic aplysiatoxins
and neurotoxic anatoxin-a and paralytic shellfish poisons (PSP) (Sivonen and Jones,
1999; Pomati et al., 2000). Microcystin concentrations in a lake are obviously related to
cyanobacterial population size. However, toxin concentration and biomass maximum do
not necessarily coincide. Variation in toxin content per cell may result from changes in
environmental conditions and from the succession of species or strains, which may vary
in toxin quotas by three orders of magnitude (Sivonen and Jones, 1999; Mikalsen et al.,
2003). The composition and dynamics of local populations of cyanobacteria depend on
specific geochemical conditions and the history of a lake, as well as on the weather.
Cyanobacterial populations have traditionally been studied by counting preserved
samples. This method is potentially quick, but it requires trained specialists and accurate
identification is hampered by the scarcity and plasticity of morphological characteristics.
The requirement for detailed identification is illustrated by the co-occurrence in the
same lake of toxin producing and non-producing cyanobacteria that are morphologically
indistinguishable (Sivonen and Jones, 1999; Fastner et al., 2001; Janse et al., 2004b).
Compared to morphological identification, more sensitivity and specificity can be attained
by characterizing DNA. Therefore, the use of molecular methods enables an accurate
analysis of cyanobacterial populations during blooms.
In this study, we investigated whether microcystin production could be linked to
population dynamics in lakes dominated by filamentous cyanobacteria. We selected two
Dutch freshwater lakes in which occasional sampling had demonstrated potentially high
microcystin concentrations and high numbers of filamentous cyanobacteria, mainly of
the genus Planktothrix. Detailed analysis of cyanobacterial community dynamics was
achieved by genotypic analysis supplemented with microscopy for biovolume estimates.
For genotypic analysis we used denaturing gradient gel electrophoresis (DGGE)
analysis of fragments of the rrn operon mainly covering the intergenic transcribed spacer
(rRNA-ITS), specifically amplified from cyanobacteria (Janse et al., 2003). The two lakes
showed a very different dynamics of toxin production, which could be partly explained by
fluctuations in cyanobacterial biomass and partly by changes in cyanobacterial population
composition. Genotypic analysis was very sensitive and could be used for early detection
of toxic bloom formers.

3.2 Experimental procedures
3.2.1 Study area and field sampling
Lake Klinckenberg is situated near the city of Leiden in the west of the Netherlands. It
originated from sand digging and is a small but deep (40 hectares, 30 meters maximum
depth), isolated and mesotrophic lake which stratifies during summer. Lake Tjeukemeer
is situated in the north of the Netherlands. It originated from peat digging and is a
large and shallow (2000 hectares and 3 meters maximum depth), open, eutrophic and
completely mixed lake. Both lakes experience blooms of cyanobacteria, mostly in spring
and summer. Lake Tjeukemeer was sampled from spring 2000 to spring 2002 at biweekly
intervals in summer and monthly intervals in winter. Lake Klinckenberg was sampled in
spring 2001 (May 22) and subsequently at biweekly intervals in summer and monthly
intervals in winter to fall 2002. Water samples were collected 0.5 m below the surface in
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sterile bottles in the middle of the lake. A 5 liter Niskin bottle was used to take a depth
sample below the thermocline in Lake Klinckenberg on May 30. Samples were kept cool
until they were processed not longer than 4 hours after collection.
3.2.2 DNA isolation and biovolume measurements
For DNA isolation, water samples of 250 ml or less if the filter clogged were filtered over
a 25 mm diameter, 0.2 µm pore size mixed esters filter (ME 24, Schleicher & Schuell,
Dassel, Germany) and the filters were processed as described before (Janse et al., 2003).
Cyanobacterial biovolumes were calculated from counted cells. For counting, water and
scum samples were preserved with Lugols Iodine directly after sampling and stored
at 4 ºC. Water samples were concentrated by sedimentation and counted by inverted
light microscopy by using a Sedgewick-Rafter counting chamber (Pyser-SGI Limited,
Edenbridge, Kent, UK). Biovolumes were calculated from measured filament sizes.
3.2.3 Strain isolation and culture conditions
Cultures were obtained by picking single filaments or colonies from water samples
using a dissecting microscope and sterile glass Pasteur pipettes with a narrow opening,
followed by repeated washing in a small volume of O2 medium (Burger Wiersma et al.,
1989). Alternatively, diluted water samples were grown on plates containing O2 medium
solidified with agarose (0.3% w/v). Colonies grown on plates were rendered unialgal
through repeated plating. None of the cyanobacterial cultures that were used in this
study were axenic. Cyanobacteria were maintained in O2 medium (5 ml in 30 ml tubes
or 30 ml in 100 ml Erlenmeyer flasks) at 20°C, at an irradiance of approximately 15
mmol×m-2×s-1 for a cycle with a light-to-dark ratio of 16-8 h. Cyanobacterial isolation
and cultivation was carried out at different times during the year from the two lakes
analyzed in this study (Tjeukemeer and Klinckenberg), and from several other Dutch
lakes dominated by cyanobacteria (Kinselmeer, Volkerak, Sneekermeer, Westeinder
plassen). Unialgal cultures were identified morphologically and cultures representing
different cyanobacterial genera from different lakes were maintained in the laboratory.
The production of microcystins was measured and sequences from the rRNA-ITS were
determined. Since several, mainly filamentous genera of cyanobacteria contain multiple
rRNA operons differing in ITS sequence and length (Janse et al., 2003), sequences
were analyzed after excision of bands from DGGE profiles. Table 3.1 shows the origin,
morphological identification and accession numbers for rRNA-ITS sequences for the
unialgal cultures with sequences most similar to dominant bands in field profiles. Not all
bands in DGGE profiles from cultured cyanobacteria were sequenced.
3.2.4 Microcystin analysis
For microcystin analysis of water samples, 100-500 ml water was filtered over glass
microfiber filters (GF/C, 25 mm diameter, Whatman, Maidstone, UK). Filters and tubes
were stored at -20ºC until further processing. After lyophilization, filters and scum
samples were extracted with aqueous methanol (Fastner et al., 1998). Microcystins were
analyzed by reverse phase HPLC with diode array detection (Lawton et al., 1994).
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Table 3.1. Characteristics of unialgal cyanobacterial cultures. Y= microcystins producer,
N= non-producer. rRNA-ITS sequence accession numbers: AY827783-AY827830
Culture

KPr
T10
T12
T32
T33
T47
T51
B23
K47
K99
K119
K131
K136
S31
S43
V43
V145
V151
W35

Origin

Klinkenberg
Tjeukemeer
Tjeukemeer
Tjeukemeer
Tjeukemeer
Tjeukemeer
Tjeukemeer
Broekvelder
Kinselmeer
Kinselmeer
Kinselmeer
Kinselmeer
Kinselmeer
Sneekermeer
Sneekermeer
Volkerak
Volkerak
Volkerak
Westeinder plas

Morphology

Microcystin
production

Planktothrix aff. rubescens
Y
Planktothrix sp..
Y
Planktothrix sp..
Y
Aphanizomenon sp..
N
Aphanizomenon sp..
N
Aphanizomenon sp..
N
Aphanizomenon sp..
N
Microcystis sp..
N
Anabaena aphanizomenoides
N
Anabaena spirulina                           N
Anabaena sp..
Y
Aphanizomenon sp..
N
Planktothrix sp..
Y
Aphanizomenon sp..
N
Aphanizomenon sp..
N
Microcystis sp..
N
Microcystis sp..
N
Nostoc sp..
N
Aphanizomenon sp..
N

Microcystins were identified by their characteristic UV spectra and quantified by using an
external MC-LR standard (Janse et al., 2004b).
3.2.5 PCR amplification
Extracted DNA was amplified using cyanobacteria-specific 16S rRNA primer CSIF
in combination with ITS primer 373R (amplifying part of the rRNA-ITS: ITSa), or in
combination with 23S rRNA primer ULR (amplifying the entire rRNA-ITS: ITSc)(Janse
et al., 2003). Primer sequences and PCR conditions were as described earlier (Janse
et al., 2003; Janse et al., 2004a), with 5 additional thermocycles (totaling 35 cycles) for
amplification of field samples. Primer CYA 371F had the sequence: 5’- CCT ACG GGA
GGC AGC AGT GGG GAA TTT TCC AC-3’. Primer CSIF had the sequence: 5’- GYC
ACG CCC GAA GTC RTT AC-3’, plus a 40 nucleotide GC-clamp added to the 5’-site
when PCR products were used for DGGE analysis. Primer 373R had the sequence: 5’CTA ACC ACC TGA GCT AAT-3’, and primer ULR had the sequence: 5’- CCT CTG TGT
GCC TAG GTA TC-3’.
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3.2.6 DGGE profiling
DGGE was performed as described earlier (Janse et al., 2003). The markers used
for band positions were also described in their paper. Our DGGE profiles of cultured
Planktothrix strains yielded two distinct ITSc DGGE bands due to the amplification of two
different rRNA operons (Janse et al., 2003). In field profiles however, the longer fragment
was very faint. Changes in genotype composition were in most cases supported by both
ITSa and ITSc profiles. As ITSc profiles yielded more detailed information, these were
preferred for cyanobacterial community analysis. In one case, however, ITSa profiles
yielded additional information. The ITSc profiles from July 2002 yielded chiefly one
thick band, whereas ITSa DGGE showed six bands (data not shown), which confirmed
the diversity revealed by microscopy (Fig. 3.3B). An explanation for the preferential
amplification of this sequence could be a superior matching of the according genotype
with the reverse primer.
3.2.7 Sequencing and sequence analysis
DNA from bands in DGGE profiles from natural water samples or from isolated cultures,
was obtained as follows. A small piece of gel from the middle of the target band was
excised from the DGGE gel and incubated in 50 ml sterile milli-Q purified water for 24
hours at 4°C. The eluent was re-amplified using the original primers and run on DGGE to
confirm its identity. DNA for sequencing was amplified using primers without a GC-clamp
and the PCR products were purified and sequenced by Baseclear Labservices (Baseclear,
Leiden, the Netherlands). Both DNA strands were sequenced from sequences with high
similarity. Sequences were deposited at EMBL and were assigned accession numbers
AY827731 to AY827782 for bands excised from DGGE profiles of natural samples (see
Table 2) and AY827783 to AY827830 for profiles from cultures (see Table 3.1). Similarity
with sequences deposited in Genbank/EMBL/DDBJ or with sequences in a local database
was checked using the program BLAST (Altschul et al., 1997)(via http://www.ncbi.nlm.
nih.gov/BLAST/). Sequences from the rRNA-ITS region were aligned using the programs
ClustalW and the BioEdit Sequence Alignment Editor (Hall, 1999).

3.3 Results
Two Dutch lakes were selected on the basis of sporadic investigations of microcystin
concentrations and algal composition (Burger Wiersma et al., 1998). Lake Tjeukemeer
is an open, shallow and eutrophic lake, whereas Lake Klinckenberg is isolated, deeper
(max 30m) and mesotrophic. The reason for the inclusion of the latter in our sampling,
was the very high microcystin concentration (see below) in a sample from a lightly pinkish
surface bloom in May 2001. Between the two lakes, both the amounts of microcystin
that were produced and the period of time during which they were produced, differed
markedly (Fig. 3.1).
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Figure 3.1 Cell-bound microcystin concentrations measured in Lakes Klinckenberg and
Tjeukemeer. If not visible, error bars are within symbols.
In lake Tjeukemeer, microcystin was undetectable in winter and early spring. In May, the
concentration rose steeply to almost 30 µg/l followed by a decrease and stabilization
roughly around 10 µg/l during summer and autumn. Only after November, microcystins
became undetectable. In lake Klinckenberg, microcystin concentrations were detectable
but very low (between 0.1 and 0.2 µg/l) in fall and winter. Microcystin concentrations
increased slightly in early spring and peaked during a few weeks in May. Both in 2001
and 2002, the maximum concentrations microcystins were considerably higher (109 and
52 µg/l respectively) than in Lake Tjeukemeer (Fig. 3.1). Following the peak in May,
microcystins were undetectable in surface water but were detected (3.2 µg/l) in a sample
collected just below the thermocline at a depth of 8 meters.
Two important factors that could explain changes in microcystin concentrations
in a lake are the succession of toxic and non-toxic cyanobacterial species or strains,
and fluctuations in biomass. To investigate the community dynamics, we studied rRNAITS genotypes from lakewater samples. DGGE profiling of amplified ITSa and ITSc
fragments, spanning part of or the entire rRNA-ITS respectively, enabled high-resolution
analysis of cyanobacterial communities (Janse et al., 2003). Lake Tjeukemeer showed
for all sampling dates identical ITSa profiles with 2 dominant bands (data not shown).
The ITSc profiles were more complex with 4 or 5 dominant bands and more than 10 less
distinct bands (Fig. 3.2A). Figure 2A shows community profiles over a period in which
microcystin concentrations increased from 0 to 27 µg/l (Fig. 3.1).
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Although there were minor differences in
the relative intensity of some bands, the
ITSc profiles confirmed the stability of the
Tjeukemeer cyanobacterial community as
revealed by the ITSa profiles. In contrast,
Lake Klinckenberg DGGE profiles showed
totally different cyanobacterial dynamics.
Both ITSa and ITSc profiles revealed
more genotypes and a clear succession
of different genotypes was apparent,
especially in the summer of 2001 (Fig.
3.2B). Interestingly, one genotype (bands
2, 21, 23, 25, 28, 29) dominated the profiles
from Lake Klinckenberg samples before
and during the microcystin peak (May
2001 and January-May 2002). In samples
taken immediately after the microcystin
peak (May 30), this genotype was absent
in surface water, but it was detected
in a water sample from just below the
thermocline. To identify and characterize
the dominant cyanobacteria, several bands
from the DGGE community profiles were
excised, re-amplified and sequenced (Fig
3.2B). In addition, cultures representing
different cyanobacterial genera were
established and characterized with respect
to morphology, microcystin production and
rRNA-ITS sequences (Table 3.1).

Figure 3.2 A

BLAST searches revealed that most sequences from the field profile did not have a
hundred percent similar counterpart in the Genbank/EMBL/DDBJ databases (Table 2).
Only bands 11 and 26 matched completely with database entries, based on a comparison
of the major part of rRNA-ITS. Other sequences with 100% similarity (e.g. bands 4, 5
and 35) matched with database sequences containing only part of the rRNA-ITS. Many
sequences were most similar to environmental sequences obtained from freshwater
lakes whereas others corresponded to those of cultivated cyanobacteria, mostly from
the genera Anabaena and Aphanizomenon. This may reflect the overrepresentation of
these genera in the databases instead of their abundance in the studied lakes, since
these alignments were never identical and always based on a fraction of the sequence.
To investigate the similarity of sequences from field profiles and those of our cultivated
cyanobacteria, BLAST searches of field profile sequences were performed against
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Figure 3.2 B
Figure 3.2 Cyanobacterial community composition in Lake Tjeukemeer (A) and Lake
Klinckenberg (B) as revealed by ITSc DGGE profiles. Profiles from Lake Tjeukemeer
show community dynamics during the onset of the spring toxin peak in May and June
2001, and from Lake Klinckenberg throughout the year from May 2001 to October 2002.
Bands indicated by numbers 1-47 were excised, re-amplified and sequenced. D (following
the date)= water sample collected below the thermocline at 8 m depth. M= Marker.
a database of sequences from isolated cultures. A few sequences from excised bands
(e.g. bands #2, 16, 42) matched completely with those of isolated cultures. Importantly,
the sequence from the dominant band before and during the Lake Klinckenberg toxin
peak in May 2002 (bands 2, 21, 23, 25, 28, 29 and 37 in Fig. 3.2B) was identical to that
of a band from a microcystin producing culture identified as Planktothrix Rubescens that
was isolated from this lake. Microcystin variants produced by this culture were identical
to the variants found in the field samples based on HPLC retention time and absorption
spectra (data not shown).
Although the microcystin peak in Lake Klinckenberg correlated well with the
dominance and subsequent disappearance of the toxic Planktothrix aff. Rubescens
genotype, this genotype was also dominant in the DGGE profile from January 2001
when microcystins were hardly detectable (Figs. 3.1 and 3.2B). In Lake Tjeukemeer, the
genotype profiles remained unchanged throughout the year despite obvious fluctuations
in microcystin concentrations (Figs. 3.1 and 3.2A). Thus, genotype dynamics as revealed
by DGGE profiling and cultivation could explain the disappearance of toxins from Lake
Klinckenberg, but could not explain their appearance in this lake, nor the toxin dynamics
in Lake Tjeukemeer. Since toxin concentrations in lakes are obviously related to the
biomass of their producers, we also determined the biovolumes of cyanobacteria in the
period around the toxin production peaks (Fig. 3.3). In Lake Tjeukemeer, the dominant
cyanobacterium was identified as Planktothrix agardhii while Aphanizomenon flos-aquae
constituted a secondary component. In 2001, biovolumes of these 2 genera
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Table 3.2. Sequence analysis of excised DGGE bands and isolated cultures. DGGE
bands # 1-47 were excised from ITSc DGGE profiles from Lake Klinckenberg (see
Fig. 3.3), and # 48-52 from Lake Tjeukemeer. Column 2 displays for each band the
number of basepairs that were sequenced. Sequence accession numbers for the DGGE
bands are AY827731-AY827782. Excised DGGE bands that appeared to have identical
sequences to the bands in column 1 are given in column 3. The closest matching
organisms in the public database (column 4) or in a database containing sequences
from isolated cyanobacterial cultures (column 7) are followed by columns displaying
the number of basepairs that were compared and the percentage similarity that was
found between sequences of the excised band and database entry. UFC = Uncultured
freshwater cyanobacterium, An. = Anabaena, Ap. = Aphanizomenon, M. = Microcystis, P.
= Planktothrix, T. = Trichodesmium. T= toxic, N= non-toxic.
(this list is not exhaustive as there were sequences with identical scores)
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UFC
UFC
UFC, An. sp..
Ap. flos-aquae
Ap. flos-aquae
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Pr-o: P. Rubescens (T)
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K136: P. sp.. (N)
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An. aphanizomenoides (N)a
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were comparable only when total biomass was low in April and May (Fig. 3.3A). In Lake
Klinckenberg, a succession of different cyanobacterial genera was observed during
the examined period (Fig. 3.3B). Planktothrix aff. rubescens was identified from March
to June with a distinct bloom peak around mid May. This was followed by a bloom of
Anabaena mendotea and unidentified cyanobacterial filaments, in turn succeeded by a
bloom composed of P. agardhii, Aphanizomenon isatschenkoi and a lower abundance of
Aphanizomenon flos-aquae, Aphanizomenon sp.. and Planktothrix limnetica. In the depth
sample from May 30 (see above) P. aff. rubescens was completely dominant (data not
shown), whereas in the surface sample from this date there were substantial numbers
of other cyanobacteria (Fig. 3.3B). Both in lake Tjeukemeer and Lake Klinckenberg,
microcystin concentrations and cyanobacterial biomass increased significantly in spring
(Fig. 3.3C and D). The most significant increase in microcystin production occurred just
before the increase in cyanobacterial biomass, hence, microcystin concentrations per
cell were highest at the onset of the blooms (Fig 3.3C and D). In lake Klinckenberg, the
rapid decrease in microcystins correlated with the wane of the P. aff. rubescens bloom.
Apparently, the other cyanobacterial species or strains were not microcystin producers.

3.4 Discussion
3.4.1 Toxin production and cyanobacterial population dynamics
                                        
Our data show that lakes with an important Planktothrix component may differ considerably
in the extent and duration of toxin production in the surface layer, and in the contribution
of cyanobacterial genotype succession to the observed toxin dynamics. We found striking
differences in toxin dynamics between Lake Klinckenberg and Tjeukemeer, but for each
lake the overall pattern was similar during the subsequent blooming seasons that were
studied (Fig. 3.1). The microcystin concentrations we measured greatly exceeded the
World Health Organization guideline values for drinking (1µg/l) and recreational (20 µg/l)
water. While the values in Lake Tjeukemeer were within the range that is commonly
encountered in P. Agardhii dominated lakes (Sivonen and Jones, 1999; Lindholm et al.,
2003), the maximum concentrations in Lake Klinckenberg were considerably higher than
those measured in P. rubescens dominated lakes by other researchers (Sivonen and
Jones, 1999; Jann-Para et al., 2004).
Cyanobacterial species composition differed considerably between the lakes and
showed interannual stability (Lake Tjeukemeer) as well as variability (some genotypes
in Lake Klinckenberg, see below). In Lake Tjeukemeer, genotypical and morphological
analyses showed a stable coexistence of a few species of Planktothrix and Aphanizomenon
(Figs. 3.2A, 3.3A, Table 3.2). Some genotypes that were identified in the field profiles
corresponded to Planktothrix strains (T10, T12) that were capable of producing toxins
(Table 3.2). No strain succession was revealed by DGGE, even during a time-period in
which the lake experienced a profound rise in microcystin concentrations (Fig. 3.2A).
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Figure 3.3 Biovolumes of cyanobacteria and cell-bound microcystin concentrations
measured in Lakes Tjeukemeer (A, B) and Klinckenberg (C, D).
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The rising toxin concentrations were explained by the concomitant increase in
cyanobacterial biomass (Fig. 3.3C). Similar to another study (Briand et al., 2002), the
relation between microcystin concentration and P. agardhii biomass was not stable.
We found no support for their suggestion of changes in the ratio of toxic and nontoxic genotypes. Although the resolution of genotype differentiation could have been
insufficient, a plausible alternative explanation for incongruencies in toxin and biovolume
dynamics is provided by fluctuation in microcystin content per cell due to environmental
factors (Sivonen and Jones, 1999; Mikalsen et al., 2003).
DGGE profiles from Lake Klinckenberg showed multiple successions of genotypes
(Fig. 3.2B). Major changes in species composition were also detected by microscopy
for the period in which biovolumes were measured (Fig. 3.3B). Before and during the
microcystin production peak, DGGE profiling revealed only one dominant P. rubescens
band. Moreover, all ITS sequences identified as originating from P. rubescens were
identical, including those derived from blooms in subsequent years and from an isolated
culture (bands 2, 21, 23, 25, 28, 29 and strain KPr). Hence, at this resolution we found
no indications for a succession of P. rubescens genotypes of different toxicity causing
fluctuations in lake toxicity. Our data suggest that the strain that was present in very
low abundance in winter (not detected by standard counting methods) was the same
strain that formed a bloom in spring. Appropriate environmental conditions may trigger
toxic strains that are present in low numbers to form a toxic surface bloom. Since P.
rubescens can bloom in winter, toxic blooms could also occur before May. Following the
P. aff. rubescens bloom, A. mendotea and other filamentous cyanobacteria dominate to
such an extent that P. rubescens can no longer be detected in surface water. As indicated
by the presence of P. rubescens and microcystins in the thermocline, the toxic bloom
accumulated in deeper water.
In contrast to the stability of the cyanobacterial community such as the unchanged
P. rubescens population, there were also clear differences in community composition
between subsequent years. A short Microcystis bloom in August 2001 (bands 10-12
from Fig. 3.2B) was not repeated in 2002, moreover, the community composition after
this bloom differed considerably from that in 2002. Also, cyanobacteria corresponding to
band 13 (Fig. 3.2B) were blooming in Aug/Sep 2001, but in 2002 in July.
3.4.2 Microcystin production at the onset of blooms
Both lakes showed a microcystin peak just before the Planktothrix biovolume peak
(Fig 3.3C and D), indicating the occurrence of Planktothrix cells with a high microcystin
content at the onset of the spring bloom. This phenomenon has been described before
for Microcystis dominated lakes (Janse et al., 2004b; Kardinaal and Visser, 2005) and
could be explained by a competitive advantage of highly toxic cells at lower biomass, or
by environmental conditions that stimulate microcystin production. High concentrations
of microcystins at early bloom stages could have an effect via bottom-up control, i.e.
through enhanced growth efficiency, or via top-down control, i.e. by acting as a grazing
deterrent. Alternatively, the higher percentage of genotypes with inactive mcy genes at
higher P. rubescens densities that was observed by Kurmayer et al., could account for
the lower microcystin content at the bloom peak.
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3.4.3 Implications for bloom monitoring
For water management, a characterization of lake features (stable community as opposed
to dynamic succession of species) will help in predictions on the onset and duration of
toxic blooms. Our results suggest that the detection of toxic cyanobacterial genotypes
is not always needed. Predicting toxin production in a stable lake such as Tjeukemeer
can be based on the development of biomass. Once toxic genotypes are characterized
in these lakes, monitoring of these genotypes does not have an additional value. In a
dynamic lake such as Klinckenberg on the other hand, genotype detection can be useful
to judge the presence of toxic organisms. Certain cyanobacteria may not bloom every
year as exemplified by the Microcystis bloom only in 2001 (see above). For detection of
toxic Planktothrix it is important to include samples taken below the thermocline. More
interesting than merely detecting toxic genotypes is a quantitative estimate of genotype
abundance, which is essential for judging whether the corresponding organisms could
produce hazardous concentrations of microcystin (or other toxins).
3.4.4 Usefulness of rRNA-ITS genotype profiling for studying toxic blooms
DGGE has been used to investigate the composition and dynamics of viral, bacterial
and eukaryotic plankton (Van der Gucht et al., 2001; Short and Suttle, 2003). To our
knowledge, this is the first account of the use of DGGE for studying the temporal dynamics
of photoautotrophic plankton at high resolution. Community analysis by using rRNAITS genotyping offered several advantages compared to morphological identification.
Genotyping ensured objective and specific identification of cyanobacteria in field
profiles and enabled a direct link of the field genotypes to available unialgal cultures
(characterized e.g. with respect to toxicity). This is especially important since growth in
cultures is likely to alter morphological traits used for identification (Palinska et al., 1996).
In addition, genotypic identification most often offers a higher resolution, enabling strain
differentiation, and more sensitivity. For instance, dramatic genotypic changes between
11/7/02, 22/7/02 and 5/8/02 were revealed by ITSa (not shown) and ITSc DGGE (Fig.
3.2B), but not by microscopic observations (Fig. 3.3B). Also, DGGE profiles between
12/12/01 and 13/05/02 showed considerable dynamics of cyanobacteria other than P. aff.
rubescens, which remained undetected by microscopy.
We were able to distinguish the toxic and non-toxic Planktothrix and Anabaena
strains we isolated (6 and 4 respectively, not all are given in Table 3.1) by using rRNA-ITS
DGGE. However, it remains to be investigated whether reliable differentiation between
toxic and non-toxic genotypes can be based on rRNA-ITS genotyping for all Planktothrix
genotypes that could be encountered. Discrimination of toxic and non-toxic strains based
on rRNA-ITS genotype differences, and detection of these differences by using DGGE was
possible for 107 examined Microcystis colonies (Janse et al., 2004b). However, for other
genera a similar correlation has yet to be shown. Gugger et al. (2002) found distinctive
rRNA-ITS sequences for 14 Aphanizomenon and 26 Anabaena strains, both toxic and
non-toxic. Humbert et al., (2000) reported a very rare occurrence of polymorphisms in the
rRNA-ITS for 19 P. agardhii and P. rubescens strains.
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Although the toxin production in these strains was not investigated, their findings suggested
that discrimination would not be possible. The higher genotypic variation we found is
probably the result of the non-random selection of genotypes from field profiles based
on differences in DGGE migration and of unialgal cultures based on toxin production. In
contrast, the cultures they analyzed were randomly selected and could thus have been
identical even though some originated from different lakes. Recently, the abundance and
activity of microcystin genotypes in Planktothrix populations was investigated (Kurmayer
et al., 2004). It was demonstrated that both in P. aghardii and P. rubescens, microcystin
producers co-occur with genotypes that do not produce microcystin due to the absence
or inactivation of mcy genes (coding for microcystin synthetase). Microcystin biosynthesis
is probably an evolutionary old feature of cyanobacteria and mcy genes have been lost
on several occasions during evolution (Rantala et al. 2004). Therefore, it is possible
that a correlation between rRNA-ITS genotypes and presence or absence of mcy genes
exists. A correlation of rRNA-ITS genotypes with active and inactive mcy genes is not
likely since gene inactivation is probably the result of environmental factors or of recent
evolutionary origin.
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Chapter 4

Abstract
Assessing and predicting bloom dynamics and toxin production by Microcystis requires
analysis of toxic and non-toxic Microcystis genotypes in natural communities. We show
that genetic differentiation of Microcystis colonies based on rRNA-ITS sequences provides
an adequate basis for recognition of microcystin producers. Consequently, ecological
studies of toxic and non-toxic cyanobacteria are now possible through studies of rRNAITS genotypic diversity in isolated cultures or colonies and in natural communities. 107
Microcystis colonies were isolated from 15 lakes in Europe and Morocco, the presence of
microcystins in each colony was examined by MALDI-TOF MS, and they were grouped
using rRNA-ITS DGGE typing. Based on DGGE analysis of amplified ITSa and ITSc
fragments, yielding supplementary resolution (Janse et al., 2003), the colonies could
be differentiated into 59 classes. Microcystin-producing and non-producing colonies
ended up in different classes. Sequences from the rRNA-ITS of representative strains
were congruent with the classification based on DGGE and confirmed the recognition
of microcystin producers on the basis of rRNA-ITS. The rRNA-ITS sequences also
confirmed inconsistencies reported for Microcystis identification based on morphology.
There was no indication for geographical restriction of strains since identical sequences
originated from geographically distant lakes. About 28% of the analyzed colonies gave
rise to multiple bands in DGGE profiles, indicating either aggregation of different colonies,
or the occurrence of sequence differences between multiple operons. Cyanobacterial
community profiles from two Dutch lakes from which colonies had been isolated showed
different relative abundances of genotypes between bloom stages and between water
column and surface scum. Although not all bands in the community profiles could be
matched with isolated colonies, the profiles suggest a dominance of non-toxic colonies,
mainly later in the season and in scum.

4.1 Introduction
Mass occurrences (blooms) of toxic cyanobacteria from the genus Microcystis constitute
a threat to the safety and ecological quality of surface waters worldwide. The most
prominent toxin produced by Microcystis is the hepatotoxin microcystin, a cyclic
heptapeptide which is formed non-ribosomally by peptide- and polyketide-synthetases
(Chorus and Bartram, 1999). Proper assessment of the hazards of Microcystis blooms
necessitates rapid and reliable methods for microcystin detection. For predictions of
the development of microcystin concentrations, tools and insights for understanding
the dynamics of microcystin production are required. Environmental factors may affect
microcystin production in Microcystis cultures by a factor 2-3 (Sivonen and Jones, 1999).
However, the capability for microcystin production as such is genetically determined.
Strains isolated from the same bloom sample are constitutively microcystin producing or
non-producing (Long et al., 2001; Orr and Jones, 1998; Vezie et al., 1998) and the types
and cellular content of microcystins may differ considerably between strains (Bolch et
al., 1997; Mikalsen et al., 2003; Vezie et al., 1998). The decisive factors determining the
toxicity of a bloom are therefore the ratio of microcystin producing and non-producing
genotypes, and the amounts and variants of microcystins produced by individual cells
(Chorus et al., 1999; Rohrlack et al., 2001).
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Understanding of the community composition and dynamics of microcystin producing
and non-producing Microcystis strains in the field is very limited, due to a lack of suitable
identification methods. Traditional characterization of Microcystis based on morphological
features is very difficult and the differentiation that can be attained below genus level is
limited. Moreover, transition between morphological characteristics has been observed
(Otsuka et al., 2000). Identification difficulties may partly explain why correlations between
morphology and toxicity have proven to be unreliable (Fastner et al., 2001; Kurmayer
et al., 2002; Otsuka et al., 1999; Via-Ordorika et al., 2004), emphasizing the need for
identification independent of morphological characteristics. Molecular biological methods
provide more reliable tools for recognition of Microcystis strains and their properties.
A number of studies have targeted the microcystin synthetase (mcy) gene cluster
(Dittmann et al., 1997; Tillet et al., 2000), for identification of toxic Microcystis strains.
This approach has the obvious advantage of a direct relationship between gene detection
and toxin production, provided non-toxic strains do not possess the gene. Detection by
PCR of the mcyB gene, the mcyA gene, or the adenylation domain within the microcystin
synthetase gene cluster, showed good correlation with microcystin production, but some
anomalies were found. A small number of Microcystis strains tested positive for the mcy
gene cluster but lacked detectable microcystins (Kaebernick et al., 2001; Mikalsen et
al., 2003; Neilan et al., 1999; Nishiwa et al., 1999; Tillet et al., 2001). Homology of the
mcyB region or adenylation domains with other loci (Dittmann et al., 1997; Nishiwa et
al., 1999; Tillet et al., 2001), or even the presence of the mcy gene cluster in some nontoxic Microcystis (Nishiwa et al., 1999) strains may explain these discrepancies. The
toxic potential of a bloom can not be determined solely by the isolation and cultivation of
strains, due to the biases and limitations inherent to studies on cultured isolates. Toxic
strains can be isolated from field samples with undetectable toxin concentrations, and,
conversely, cultivation of toxic strains from toxin-containing samples can be unsuccessful
(Vezie et al., 1998). Therefore, genetic analyses have also been done on colonies
collected directly from the water. Pooled size classes or individual colonies were used to
investigate the relation between toxic genotypes, based on the detection of mcyB genes,
and colony size (Kurmayer et al., 2003) or morphospecies (Kurmayer et al., 2002).
In the study presented here, we used an alternative approach to characterize toxic and
non-toxic Microcystis colonies in natural populations, independent of mcy gene detection.
Colonies were isolated directly from water samples, the presence of microcystins was
examined by means of matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) and they were differentiated at high resolution based
on sequences of the rRNA-Internal Transcribed Spacer (rRNA-ITS). This gene fragment
is known to differ considerably between Microcystis strains (Janse et al., 2003; Otsuka
et al., 1999). We show that differentiation of rRNA-ITS by using denaturing gradient
gel electrophoresis (DGGE) or by sequencing, is sufficiently resolving for identification
of toxic and non-toxic Microcystis genotypes in single isolated colonies and in natural
samples.
The benefits of this approach for analysis of Microcystis community composition and
dynamics in relation to the toxicity of a water body are discussed.
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4.2 Materials en methods
4.2.1 Colony isolation and characterization.
Sampling for colony isolation was carried in the summer of 2001 in 15 water bodies
from 9 European countries and Morocco by net hauls using a plankton net (40 µm mesh
size). The samples were kept cool until they were processed, in each case within 14
days after collection. Colony isolation and morphological description were standardized
in the course of a workshop in July 2001 (Via-Ordorika et al., 2004). For colony isolation,
samples were diluted and single colonies picked out by using thin Pasteur pipettes or
forceps under binocular microscopes. Colonies were washed in BG11 medium (Rippka,
1998) to dispose of any visible secondary colonies or other cyanobacteria and algae.
Morphological classification was done using the criteria proposed by Komárek and
Anagnostidis (1999). Eight morphotypes were identified, mostly M. aeruginosa and  M.
ichthyoblabe, and less frequently M. botrys, M. flos-aquae, M. panniformis, M. viridis, M.
wesenbergii and M. novacekii (Via-Ordorika et al., 2004). Colonies were transferred into
a reaction tube (0.5 ml) containing culture medium (final sample volume 4-30 µl) and the
presence of each colony in the tube was verified microscopically. The tubes were frozen
(liquid nitrogen) and thawed several times to disintegrate the colonies, and stored at
–20°C. Aliquots from each tube were used for gene amplification and for matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). In 123
out of 151 colony samples we obtained, the presence or absence of toxins had been
determined by MALDI-TOF MS and in 111 of these colonies, toxin production capacity
had been confirmed by PCR detection of the mcy gene. The 28 colonies that had not
yielded any MALDI-TOF MS signal were typified as colonies of unknown toxin production.
Eight such colonies had been characterized by mcy PCR only.
4.2.2 Cell counts and DNA isolation from natural samples.
Lakes ‘t Joppe and Zeegerplas are eutrophic lakes (maximum depth approximately 25
m) which are stratified during summer. Samples were taken from the water column in
both Lake ‘t Joppe and Lake Zeegerplas in June and August, and in Lake ‘t Joppe only
in September 2001. On the latter two sampling dates, surface scums were collected in
Lake ‘t Joppe. Water samples were collected 0.5 m below the surface, or from surface
scum, in sterile bottles in the middle of the lake. For counting, water and scum samples
were preserved with Lugols Iodine directly after sampling and stored at 4 ºC. Water
samples were concentrated by sedimentation and counted by inverted light microscopy
by using a Sedgewick-Rafter counting chamber (Pyser-SGI Limited, Edenbridge, Kent,
UK). In water samples containing high Microcystis colony densities and in scum samples,
Microcystis colonies were first disintegrated. For that purpose, 20 ml fixed sample was
collected on a 45 mm diameter, 0.45 µm pore size HA membrane filter (Millipore, Mass.,
USA) and the filter was transferred to an Erlenmeyer flaks containing 20 ml 0.01 M KOH
and incubated for 30 min. at 80 ºC. The disintegrated sample was transferred to a test
tube, vortexed for 60 sec. and single Microcystis cells were counted as described above.
For DNA isolation, water or scum samples of 250 ml or less if the filter clogged were
filtered over a 25 mm diameter, 0.2 mm pore size mixed esters filter (ME 24, Schleicher
& Schuell, Dassel, Germany) and the filters were processed as described before (Janse
et al., 2003).
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4.2.3 Microcystin analysis.
MALDI-TOF MS measurements were performed as described in (Fastner et al., 2001,
Via-Ordorika et al., 2004). Mass signals indicative for known microcystins were in most
cases further analysed by recording fragment ions using post-source decay (PSD). For
microcystin analysis by HPLC, 100-500 ml water column or scum sample was filtered
over glass microfiber filters (GF/C, 25 mm diameter, Whatman, Maidstone, UK). From
dense scums, 2 ml was transferred to microcentrifuge tubes without filtration. Filters and
tubes were stored at - 20ºC until further processing. After lyophilization, filters and scum
samples were extracted with aqueous methanol (Fastner et al., 1998). Microcystins were
analyzed by reverse phase HPLC with diode array detection (Lawton et al., 1994).
4.2.4 PCR amplification.
DNA from isolated Microcystis colonies was amplified using a nested PCR protocol.
Firstly, cyanobacteria-specific 16S rRNA primer CYA 371F and universal 23S rRNA
primer ULR were used for amplification of a major part of the 16S, the ITS, and a short
section of the 23S from the rRNA gene. The resulting PCR product was diluted and used
as template for a second amplification using cyanobacteria-specific 16S rRNA primer
CSIF in combination with ITS primer 373R (amplifying part of the rRNA-ITS: ITSa), or in
combination with 23S rRNA primer ULR (amplifying the entire rRNA-ITS: ITSc)( Janse
et al., 2003). For amplification of DNA isolated from natural samples, only the latter PCR
protocol was used. Primer sequences and PCR conditions were according to (Janse et
al., 2003). Primer CYA 371F had the sequence: 5’- CCT ACG GGA GGC AGC AGT GGG
GAA TTT TCC AC-3’. Primer CSIF had the sequence: 5’- GYC ACG CCC GAA GTC RTT
AC-3’, plus a 40 nucleotide GC-clamp added to the 5’-site when PCR products were
used for DGGE analysis. Primer 373R had the sequence: 5’- CTA ACC ACC TGA GCT
AAT-3’, and primer ULR had the sequence: 5’- CCT CTG TGT GCC TAG GTA TC-3’.
4.2.5 DGGE profiling.
DGGE was performed as described earlier (Janse et al., 2003). To enable comparison
between DGGE gels of rRNA-ITS bands from colonies, each new batch of colonies
was analyzed together with a mixture of colonies assigned to different groups and thus
representing different gel positions. A marker for band positions in ITSa DGGE gels
from natural samples was composed of ITSa amplicons from the following strains of
cyanobacteria and a prochlorophyte: IMS101 (Trichodesmium erythraeum), CYA146
(PseudAnabaena catenata), CYA126 (Planktothrix aghardi), PCC9006 (Prochlorothrix
hollandica), ATCC 29413 (Anabaena variabilis), CYA 135 (Anabaenopsis arnoldii), S2,
K29, PCC7820 and SAG17.85 (Microcystis sp..), and isolated Microcystis colonies K16
and K55 (see Table 4.1). A marker for gel positions in ITSc DGGE was composed of
DNA amplified with ITSc primers from the following cyanobacterial strains: IMS101
(Trichodesmium erythraeum), CYA99 (Lyngbya sp..), PCC 73110 (Leptolyngbya sp..),
PCC6803 (Synechocystis sp..), 1401/7CCAP, S2, V91, Z11, CYA140, PCC7806 and
PCC7820 (Microcystis sp..), and two excised and re-amplified bands from Aphanizomenon
isolate T33. For more details on the cyanobacterial cultures we refer to (Janse et al.,
2003).
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Table 4.1: Characterization and classification based on rRNA-ITS DGGE of isolated
Microcystis colonies. Morphospecies assignment and lake of origin are given for each
colony. Based on the positions of their bands in ITSa and ITSc DGGE profiles, colonies
K1 to K151 were assigned group numbers. Classes of colonies were distinguished on
the basis of combined ITSa and ITSc grouping. Colonies in bold contained microcystins
as was determined by MALDI-TOF MS or in a few cases by amplification of the mcy
gene. Toxin production data were lacking from colonies printed in italics. Colony classes
were organized in three subtables: one with classes containing toxin producing colonies,
one with non-toxic colony classes, and one with classes of colonies of unknown toxin
production. The few colonies of unknown toxin production that classified with toxic or
non-toxic colonies ended up in the subtable of either. Bands of underlined colonies were
sequenced. The suffix –u refers to the upper band in the ITSc DGGE profile from a
colony, the suffix –m refers to the middle band, and suffix -l refers to the lower band. If the
upper and lower bands from a particular colony have the same group assignment for e.g.
ITSa, this means that there is one band in the ITSa profile, and two in the ITSc profile.
Note that if a mixture of 2 sequences gave rise to 2 ITSa and 2 ITSc bands, their relative
band positions (meaning upper or lower) may be reversed. nd = not determined. M.=
Microcystis morphospecies: a= aeruginosa; b= botrys; i= ichthyoblabe; f= flos-aquae;
n= novacekii; p= panniformis; w= wesenbergii. Lakes: A= lake Arancio, Sicily, Italy; Ba=
Loch Balgavies, Dundee, Scotland; Bo= Lac du Jardin Public, Bordeaux, France; Br=
Brno reservoir, Brno, Czechia; F= lake Frederiksborg Sløtssø, Hillerød, Denmark; H=
Holzöstersee, Salzburg, Austria; J= ‘t Joppe, Leiden, the Netherlands; K= Krossinsee,
Berlin, Germany; M= Mügelsee, Berlin, Germany; MI= Monikie Island Pond, Dundee,
Scotland; T= lake Takerkoust, Marrakesh, Morocco; Pe= Parque de Cicade pond east,
Porto, Portugal; Pw= Parque de Cicade pond west, Porto, Portugal; R= Loch Rescoby,
Dundee, Scotland; W= Wannsee, Berlin, Germany; Z= Zeegerplas, Alphen aan de Rijn,
The Netherlands.
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Table 4.1 (cont.)
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100b
33-u
135; 136
137; 138; 141
34; 35; 36
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105-l
31-u
104-u
33-l
104-l

i MI
i
J
a A
p A
i J
w J
i J
i Z
i Pe
a J
i H
i J
i H

a) toxin production examined by mcy gene detection only (no MALDI TOF MS)
b) MALDI-TOF MS profile showed only 1 peak at mass-to-charge ratio (m/z) 995 which
was not analyzed by post-source decay (PSD) measurements and could therefore be
derived from either microcystin LR or cyanopeptolin.
4.2.6 Sequencing and sequence analysis.
Isolated colonies that produced DGGE profiles with single bands were used directly for
sequencing. DNA from colonies that produced multiple bands in DGGE profiles, and
from bands in DGGE profiles from natural lakewater samples, was obtained as follows.
A small piece of gel from the middle of the target band was excised from the DGGE gel
and incubated in 50 ml sterile milli-Q purified water for 24 hours at 4°C. The eluent was
re-amplified using the original primers and run on DGGE to confirm its identity. DNA for
sequencing was amplified using primers without a GC-clamp and the PCR products were
purified and sequenced by Baseclear Labservices (Baseclear, Leiden, the Netherlands).
If possible (colonies K60, K105 and K106, see Table 4.1 and Fig. 4.2), sequencing of
two ITSa bands resolved ambiguous base calls resulting from a mixture of sequences
that were not separated by using ITSc DGGE. This was not possible for colony K112
which had many ambiguous base calls in the 3’ site of the rRNA-ITS. Sequences were
deposited at EMBL and were assigned accession numbers AJ605140-AJ605221 for
sequences from isolated colonies and AJ619633-AJ619663 for sequences from bands
excised from DGGE profiles of natural samples. Similarity with sequences deposited in
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Genbank/EMBL/DDBJ was checked using the program BLAST (Altschul et al., 1997)(via
http://www.ncbi.nlm.nih.gov/BLAST/). Sequences from the rRNA-ITS region were
obtained from Genbank/EMBL/DDBJ and were aligned using the programs ClustalW, the
BioEdit Sequence Alignment Editor (Hall, 1999), and the program package ARB (www.
ARB-home.de). Treecon software (Van der Peer and De Wachter, 1994) was used for
the construction of distance trees from aligned sequences. The neighbor joining method
was used with multiple substitutions corrected by the method of Jukes and Canter. 1000
bootstrap trials were performed.

4.3 Results
4.3.1 Isolation and characterization of Microcystis colonies
The Microcystis colonies we used for our investigations originated from 15 lakes from
9 European countries and Morocco. Most of the water samples were collected end of
June 2001 and were isolated and characterized by experts during a European workshop.
Additional colonies from two Dutch lakes (‘t Joppe and Zeegerplas) were isolated and
characterized in August and September 2001. With these colonies, a study of the relative
abundances and distribution over the sampled lakes of different morphotypes, the
occurrence of microcystins measured by MALDI-TOF MS, and diagnostic PCR targeted
at mcyA and mcyB genes, has been made by Via-Ordorika et al. (2004)
4.3.2 Differentiation of colonies based on rRNA-ITS DGGE
To enable discrimination of Microcystis colonies based on rRNA-ITS, DNA fragments
ITSa (spanning part of the 16S rRNA and part of the rRNA-ITS) and ITSc (spanning part
of the 16S rRNA and the entire rRNA-ITS) were amplified and analyzed by using DGGE
(Janse et al., 2003). A nested PCR protocol was used to maximize DNA retrieval from
the small quantities of cells in colony aliquots that remained after the analyses described
above. Out of a total of 151 sample aliquots, 107 yielded PCR products. Successful
amplification was only slightly biased for lake of origin (between 70-100% of the colonies
originating from a lake yielded PCR products, with the exception of 25% from Brno
reservoir), morphospecies assignation (between 60- 85% of the colonies assigned to a
morphospecies yielded PCR products with the exception of the two M.viridis colonies)
and presence of toxins (75% of both toxic and non-toxic colonies, and 48% of the colonies
of unknown toxin production, yielded PCR products). Consequently, the collection of
colonies that was subjected to DGGE analysis contained Microcystis colonies derived
from all 15 water bodies and covering all morphospecies except M. viridis. Toxin production
data were available for 96 from the 107 colonies that yielded PCR products. Colonies
were differentiated on the basis of the position of their rRNA-ITS amplicons on DGGE
gels (Fig. 4.1). Based on ITSa DGGE, colonies could be differentiated into 27 different
groups (Table 4.1). The longer ITSc amplicons showed smaller differences in migration
on DGGE and colonies could be differentiation into 19 different groups (Table 4.1). Most
colonies (76 out of 107) yielded ITSa as well as ITSc DGGE profiles containing one
sequence. However, several colonies gave rise to profiles with two or more bands (e.g.
Fig 4.1, colonies K61, K63 or K70). Eleven colonies yielded two bands both in ITSa
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Figure 4.1 Example of an ITSa DGGE from 15 isolated Microcystis colonies. Each unique
gel position was assigned a number (see Table 4.1), e.g. #10 and #17 for colony K70; #1
for colonies K69 , K65 and K21, #24 for colony K68. h= heteroduplex band.
and ITSc profiles (e.g. K63), while fourteen colonies yielded profiles with one ITSa band
and two ITSc bands (e.g. K147) and five colonies had profiles with two ITSa bands and
one ITSc band (e.g. K112)(Table 4.1). In the eight profiles with three or four bands (e.g.
colony K70 in Fig. 4.1), the upper one or two bands were heteroduplexes as was shown
through excision of these bands, followed by re-amplification and DGGE analysis. Only
one colony (K119) appeared to contain three different (non-heteroduplex) bands in ITSa
DGGE profiles.
Classification of colonies based on the combined ITSa and ITSc DGGE profiles,
clearly separated toxic and non-toxic colonies (Table 4.1). From the 59 classes that could
be distinguished by ITSa plus ITSc DGGE, 19 classes contained only toxic colonies
(plus two colonies of unknown toxin production in the class formed by ITSa group 1 and
ITSc group 5, denoted as class 1a/5c). The other classes were derived from non-toxic
colonies (thirty-one classes) or from colonies of unknown toxin production (nine).
Only one colony (K100, class 18a/18c) which was identified as toxic, could not
be differentiated from non-toxic colonies on the basis of ITS DGGE. However, toxin
identification in this colony was ambiguous since a mass signal that is indicative for
microcystin-LR, but also for another cyanopeptide, could not be further analyzed by PSD
analysis due to lack of colony material (Table 4.1). Consequently, reliable identification
of toxic and non-toxic Microcystis colonies could be achieved on the basis of ITSa plus
ITSc DGGE profiles. DGGE of ITSa or ITSc alone was not a sufficient determinant for
differentiation of toxic and non-toxic colonies. In ITSa group 11 for instance, non-toxic
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colonies grouped with a majority of toxic ones (Table 4.1).
There was no apparent relation between morphospecies and classification based
on rRNA-ITS DGGE profiles, since colonies from each morphospecies were assigned
to different ITS DGGE classes. Also, with the exception of Lake Frederiksborg Sløtssø
(Denmark), each lake yielded colonies from multiple ITS DGGE classes. Hence, multiple
colonies in an ITS DGGE class were in most cases isolated from different lakes and
assigned to different morphospecies (Table 4.1).
4.3.3 rRNA-ITS sequences from colonies
To substantiate the DGGE-based division of colonies, and to allow in-depth analysis
of the Microcystis classes that were identified, DNA fragments covering ITSc were
sequenced from colonies representative for most of the classes of Table 4.1. Out of 59
ITS DGGE classes, we obtained multiple sequences from 15 classes, one sequence from
29 classes and no sequences from 14 classes. Attempts to obtain sequences failed for
some bands (e.g. from colony K78, class 18a/1c and 18a/2c), due to the occurrence of
many ambiguous base calls. The sizes of Microcystis ITS ranged between 354 and 362
bp and variation between strains was restricted to approximately 11% of the sequence
positions. Sequences differed between DGGE classes and were typically identical within
a class. Nevertheless, a one basepair substitution in the 5’ region of the rRNA-ITS
distinguished sequence 12 from 15-l in class 8a/5c and a substitution in the 16S rRNA
distinguished 10-u from the other sequences in class 11a/5c. This sporadic sequence
variability in colonies within a DGGE classes could be explained by the position of the
variation in the 5’ high melting domain of the amplicons where base differences do not
result in altered migration on DGGE. In contrast, if positioned in the 3’ lower melting
domain, differences of only one basepair could be detected clearly as illustrated by the
upper and lower bands from e.g. colony K41 (11a/5c and 11a/10c).
A phylogenetic tree was constructed (Fig. 4.2) based on an alignment of the 78
rRNA-ITS sequences from our Microcystis colonies, and of 47 Asian Microcystis
strains of known microcystin production sequenced by Otsuka et al., (1999). Colonies
from different DGGE classes ended up in separate branches. Every unique sequence,
occupying a distinct branch, was derived from either a microcystin producing colony or a
non-producing colony. Therefore, rRNA-ITS sequences were well suited for recognition
of toxic and non-toxic genotypes. Similar to what was found for differentiation based
on DGGE, the only incongruity was formed by toxic colony K100 which had an ITS
sequence identical to that of non-toxic colonies K87 and K89 (see also Table 4.1 class
18a/18c and above). Clustering of sequences from microcystin producers and from nonproducers was observed (Fig. 4.2).

67

K10-u a +
K83 a +
K58 a +
K57 a +
K49 a +
K47-u a +
K46 a +
54
K41-u a +
K144 a +
K139-u p +
53 K47-l a +
K41-l a +
K139-l p +
K72 b +
76 K51 b +
NC2 w - (AB015394)
NC1 w - (AB015393)
NC5 w - (AB015397)
NC4 w - (AB015396)
NC3 w - (AB015395)
NIES111 w - (AB015388)
72 NIES44 a - (AB015361)
TAC52 w - (AB015390)
TAC57 w - (AB015391)
52
NIES104 w - (AB015387)
K112-u i +
K29 a ?
K75-l a 68 K75-u a K145 i K106-u i T17-1 s - (AB015360)
K128 a K147-l a +
K15-u b +
51
K12 b +
84
59
K63-u b +
73
K15-l b +
72
K63-l b +
K65 a ?
77
K69 b ?
K21 w ?
64 K147-u a +
K146 a +
TAC44 v + (AB015399)
TAC38 w + (AB015389)
TAC71 a + (AB015362)
TAC45 v + (AB015400)
TAC92 v + (AB015402)
TAC78 v + (AB015401)
TAC93 v + (AB015403)
TAC17 v + (AB015398)
CL5 w + (AB015392)
TC6 a - (AB015385)
52
K5-l w ?
86
100 4B3 s - (AB015358)
T1-4 s - (AB015359)
4A3 s - (AB015357)
K114-u f +
K33-l i K137 p 99 TC9 i - (AB015373)
TC2 i - (AB015372)
K61-l a ?
K104 i K34 i K5-u w ?
K74 a K131 w TAC91 i - (AB015367)
K18 a ?
58
K134 i K16 w ?
K148 i CC1 a - (AB015383)
K112-l i +
K39 a +
99 CC2 n - (AB015378)
BC18 n - (AB015377)
57
95 TAC66 n - (AB015376)
TAC65 n - (AB015375)
TAC20 n - (AB015374)
K105-l f K68 i K37 i K31-u a ?
K105-u f TAC138 i - (AB015370)
K106-l i 85 K89 a K87 a K100 i +
TAC125 i + (AB015368)
TAC48 i - (AB015366)
73
T20-1 a - (AB015384)
K32 i ?
56
NL1 i - (AB015371)
K33-u i TAC136 i - (AB015369)
87 K114-l f +
K10-l a +
100
TAC87 a + (AB015364)
TAC86 a + (AB015363)
63 K9 a +
K20 a +
K14 a +
100 CL3 a + (AB015382)
CL1 a + (AB015381)
63 K99-u i K150 i K17-m
i94
K99-l i K17-l i 92 K123 i/p K121 p K117 i K110 a/f K108 a/f TAC170 a - (AB015365)
87 TL2 n + (AB015380)
T20-3 n + (AB015379)
K60-u a +
97 K60-l a +
K13 a +
K7 a ?
TC8 a - (AB015386)
67
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Figure 4.2 Distance tree based on the alignment of rRNA-ITS sequences from isolated
colonies (indicated by K plus a number as in Table 1) and cultured isolates (retrieved from
EMBL and indicated by strain code and accession number). Bootstrap values higher than
50% are indicated. Sequence TC8 was used as outgroup. Sequences from the entire
ITSc amplicons (which includes 100 bp in the 16S rRNA) were available from isolated
colonies, and from the rRNA-ITS only for the cultured isolates Asian strains. From a few
colonies (K60, K105 and K106) with 2 ITSa and 1 ITSc DGGE bands, sequences were
compiled from the sequences of excised ITSa bands plus ITSc sequences. This was not
possible for colony K112 and for this colony, only sequences spanning the ITSa amplicon
were used. The letters following colony numbers refer to morphospecies assignation (a=
aeruginosa; b= botrys; i= ichthyoblabe; f= flos-aquae; n= novacekii; p= panniformis; v=
viridis; w= wesenbergii; s= sp..). Symbols: + = microcystin producer; - = non-microcystinproducer; ? = unknown microcystin productio
4.3.4 Community profiles from original field sample
To investigate to what extent the isolated colonies represented the cyanobacterial
community in their lakes of origin, we analyzed ITSa and ITSc DGGE profiles from the water
samples from which most colonies had been harvested. Cell counts of cyanobacteria and
microcystin concentrations in these samples are given in Table 2 and the cyanobacterial
ITSa and ITSc DGGE profiles are shown in Fig. 4.3. In ITSa community profile from Lake
‘t Joppe we detected 12 bands (4 of which were less distinct) in the lower part of the gel
where Microcystis sequences were expected, and 6 bands in the upper part. In Lake
Zeegerplas ITSa profiles, 8 different Microcystis bands (2 less distinct) were discernable.
ITSc DGGE yielded for both lakes profiles with 8 bands (1 less distinct) in the lower part
of the gels. For identification of the Microcystis strains present in natural samples, bands
at different positions in the ITS profiles were excised, reamplified, and their position and
purity were verified on DGGE. Sequences were retrieved from the bands indicated in
Fig. 4.3 and Table 4.3 (excised bands are indicated with the letter e). Compared to ITSa
profiles, retrieval of pure bands for sequencing proved more difficult from ITSc profiles.
A BLAST search revealed that bands e1, e18, e19, e20, and e27, excised from the
upper part of the gels were derived from Anabaena, Aphanizomenon and Synechocystis,
whereas all other bands contained Microcystis sequences. Sequences from most of the
bands excised from ITSa profiles matched with sequences from isolated colonies (Table
4.3). From the nine different Microcystis sequences we retrieved, only one (derived
from band e3) aligned with sequences corresponding to toxic colonies, five aligned
with non-toxic sequences (bands e4= e5= e9, e6= e11, e12= e15, e8 and e17), and
three sequences (e2= e7= e13= e16, e10 and e14) did not correspond to any isolated
colony (Table 4.3). The most prominent bands that were amplified contained sequences
corresponding to non-toxic colonies (e4= e5= e9, e6= e11 and e12= e15) or sequences of
unknown toxicity (e10 and e7= e16). From the seven different sequences retrieved from
ITSc profiles, one (derived from band e28) corresponded to a toxic strain, two to nontoxic strains (e21= e22 and e25= e30), and four (e23, e24= e31, e29 and e26) yielded
new sequences that did not match any isolated colony (Table 4.3). The sequences of two
strains that became relatively dominant in scums were detected in ITSa profiles (bands
e7 and e10) as well as in ITSc profiles (bands e24 and e26).
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water column
water column

Lake

Zeegerplas
Jun 20
Aug 20

date

water column
water column
scum
water column
scum

source

’t Joppe Jun 27
Aug 29
		
Sep 28
		

Microcystis
5,4 x 104
2,8 x 105

8,1 x 10³
5,5 x 104
5,6 x 106
7,8 x 104
6,1 x 107

1,8 x 105
1,0 x 105

2,4 x 104
5,3 x 102
nd
1,4 x 103
nd

Anabaena

Cell numbers (cells/L)

Aphanizomenon
0
0

4,5 x 102
0
nd
88
nd

Toxins

0
0.60 (0.09)

0.22 (0.18)
2.64 (0.03)
420 (22.9)
0
3308 (244)

Microcystin
concentration
(mg/L)

Sampling
Microcystin per
0
2

27
48
75
0
55

Microcystis cell

70
(fg/cell)

Table 4.2: Cell counts of cyanobacteria and microcystin concentrations in natural samples from lakes which were
used for isolation of Microcystis colonies. nd = not detect
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4.4 Discussion
4.4.1 Discrimination of toxic and non-toxic Microcystis based on rRNA-ITS gene
diversity.
Our data show that Microcystis rRNA-ITS sequences are sufficiently heterogeneous
for differentiation of strains that differ physiologically with respect to toxin production
(microcystin-producers versus non-producers). Thus, by analyzing rRNA-ITS gene
diversity, toxic and non-toxic Microcystis strains can be identified and their ecology can
be studied. The correlation between rRNA-ITS sequences and microcystin production
existed in a diverse array of European as well as Asian genotypes, which suggests it
may be extended to other geographic regions and may possibly be valid worldwide.
Genotype analysis by using DGGE enabled processing of many samples (without the
need to sequence all), assessment of the purity of isolated cultures or colonies, and
analysis of different genotypes in complex natural communities. Genotype analysis
by sequencing confirmed the colony classification based DGGE and enabled the
identification of genotypes (characterized as toxic or non-toxic) obtained from isolated
colonies or natural samples.
The use of a universal ‘taxonomic’ marker gene not related to toxin production for
recognition of Microcystis strains has several important advantages. Firstly, this approach
provides ecologically relevant insights into the dynamics of all cyanobacterial strains
that are present in a natural community. Instead of focusing on the limited subgroup
of mcy gene-containing Microcystis strains, different toxic and non-toxic strains can be
distinguished. Secondly, even information on the relative toxicity of strains could be
implied in the rRNA-ITS sequences (provided a correlation with rRNA-ITS sequences
exists). Besides the ratio of toxic to non-toxic strains, the variants (Chorus and Bartram,
1999) and amount per cell (Rohrlack et al., 2001) of microcystins that are produced
are important factors determining bloom toxicity. Recently, the production of microcystin
variants was found to have a genetic basis (Mikalsen et al., 2003). Thirdly, a broader
range of strain properties could be characterized through rRNA-ITS as colony properties
other than microcystin production (such as the production of other –potentially toxicpeptides) may also correlate with rRNA-ITS classification. Finally, the use of a universal
marker gene did not suffer from problems of diagnostic PCR that can be encountered in
mcy gene detection. The identification of toxic strains was based on sequence information
which was analyzed only after amplification and therefore independent of the detection
of a specific gene. In contrast, in a diagnostic PCR, the amplification itself is a crucial
step which is sensitive to variations in initial DNA concentration and quality and PCR
conditions (notably the number of temperature cycles). The occurrence of contradictory
mcyB gene detection, possibly due to PCR inconsistencies, was reported for 5 out of 27
parallel samples of microcystin-producing colonies that had been split in half (Kurmayer
et al., 2002).
A prerequisite for the use of rRNA-ITS sequences for ecological studies of Microcystis
is that all genotypes that can be encountered should be characterized with regard to the
strain properties of interest (such as toxin production).
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4.4.2 Other colony properties related to rRNA-ITS gene diversity
We did not find a relation between rRNA-ITS genotypes and origin of the isolated Microcystis
colonies (Table 4.1). Although most DGGE classes (or sequences) were derived from
strains originating from the same lake (Table 4.1), this could be explained by the small
number of colonies representing most sequences. If genotypes were represented by
several colonies, these originated from different locations (e.g. class 5a/11c). Elucidation
of the occurrence of local genotypes would require a more comprehensive sampling
at each location for extensive colony isolations and generation of community DGGE
profiles. There was also no relation between genotypic classification based on rRNA-ITS
and morphospecies assignation. Every unique DGGE class (Table 4.1) or sequence (Fig.
4.2) with a considerable number of colonies (Table 4.1) contained representatives of
different morphospecies (Table 4.1). This is in agreement with the difficulties inherent to
morphological identification (see introduction), and the finding that different Microcystis
morphotypes contain toxic and non-toxic strains (Otsuka et al., 1999, Via-Ordorika et al.,
2004).
4.4.3 Multiple bands in DGGE profiles
We detected more than one Microcystis sequence in 28% of the colonies we analyzed.
An explanation for multiple sequences is contamination by aggregated colonies which
were not separated despite thorough washings during isolation. We considered it unlikely
that additional bands originated from only a few contaminating cells, since the intensities
of multiple bands in most profiles were similar. Highly similar rRNA-ITS sequences and
identical primer sites in Microcystis strains result in similar amplification efficiencies, as
was confirmed by the correlation between initial cell numbers and DGGE band intensities
after co-amplification of DNA from two Microcystis strains (data not shown). An alternative
explanation for multiple sequences is the presence of multiple different rRNA operons in
a portion of Microcystis strains. An occurrence of different operons in some Microcystis
strains only, implies considerable intragenus dissimilarity. Such dissimilarity could be
most parsimoniously explained by the presence in the genus Microcystis of at least two
rRNA operons, identical in sequence in most strains but with mutations in one operon
in some strains. The equal band intensities that were encountered in most colonies with
multiple sequences are in agreement with the occurrence of two different operons in
one strain. On the other hand, the unambiguous sequences retrieved from all 47 Asian
strains (Otsuka et al., 1999) argue against the presence of two different operons in a
proportion of strains.
The alternative explanations for multiple bands per colony may be true for different
colonies. Some colonies may have consisted of aggregated strains as was supported by
the presence of even three different sequences in colony K119, the presence of additional
sequences of low intensity (e.g. Fig. 4.1, colony K70) or the occurrence of sequences as
sole sequence in one colony and as one of two sequences in another colony (e.g. K46
and K47-u). Conversely, the multiple bands in several colonies could be well explained
by a single basepair substitution (e.g. colonies K41, K47, K99, K139) or an insertion/
deletion at one location (K17) in one operon (of two present).
The possible presence of aggregated colonies in a considerable portion of the
carefully isolated and washed colonies, highlights that RFLP patterns or sequences from
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any gene obtained from such colonies (Kurmayer et al., 2002) need to be interpreted with
caution. A few isolated colonies (e.g. K78) probably contained a mixture of sequences
even if they generated one band on ITSa and ITSc DGGE, as judged from the many
ambiguous base calls obtained from sequencing. Toxin data from such colonies are
impossible to assign to sequences unless the excised fragments are cloned. Unequivocal
correlation of toxin production to a particular sequence was not possible for toxic colonies
containing multiple sequences. While two sequences derived from a non-toxic colony
could both be linked to non-toxic Microcystis, one of the sequences from a toxic colony
could be derived from a non-toxic contaminant.
4.4.4 Natural samples
We analyzed ITSa DGGE profiles in addition to ITSc profiles, because they offered
useful supplementary data for identification of toxic and non-toxic genotypes. Greater
differences in melting behavior of the smaller ITSa amplicons made the detection and
isolation of bands easier. Moreover, the partial rRNA-ITS sequences covered by ITSa
were sufficiently resolving for recognition of toxic and non-toxic genotypes from all our
colonies (data not shown) and could thus be confidently applied in our studied lakes (Fig.
4.3, Table 4.3).

Figure 4.3 Cyanobacterial community composition of lakewater samples analyzed
by ITSa and ITSc DGGE. Samples were taken from lake ‘t Joppe in June, August
and September 2001, and from lake Zeegerplas in June and August. S following the
sampling date signifies scum samples. M = marker lane. Bands that yielded useable
sequences after excision, re-amplification and sequencing are numbered. See also
Table 4.3 for more information of these sequences.
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Microcystin concentration in the water column of lakes ‘t Joppe and Zeegerplas were
undetectable or well below the 10µ/l guideline for safe recreational waters (Chorus &
Bartran, 1999), but in scums this concentration was far exceeded. In both lakes, the
number of Microcystis cells increased during summer. Cell counts for the genera
Anabaena and Aphanizomenon decreased after June, as was confirmed by the
disappearance of their corresponding bands from DGGE profiles (Fig. 4.3). Although
care is needed in quantitative interpretations of DGGE bands, the similar DNA isolation
and amplification efficiencies (see above) likely result in a good correlation between
the proportion of Microcystis genotypes and DGGE band intensities. Prominent bands
in DGGE profiles from natural populations will therefore represent the most abundant
Microcystis genotypes. A non-toxic strain (bands e4, e5, e9, e21 and e22) appeared
to be abundant in all samples from ‘t Joppe, and a strain of unknown toxin production
(bands e2, e7, e13, e16 and e24) was present in June and August but had disappeared
in September (Fig. 4.3 and Table 4.3).
Table 4.3: Comparison of sequences derived from DGGE gels from natural samples
(see Fig. 4.3) and from isolated colonies (see Fig. 4.2). Each row contains identical
sequences (ITSa sequences were compared with the 5’ region of the longer ITSc
fragments). In the last column, colonies with identical sequences to those of excised
bands are presented. Toxin production in these colonies is indicated: (+) = toxic, (-) =
non-toxic.
ITSa band

ITSc band

Matched with colony

e3
e4; e5; e9
e6; e11
e8
e12; e15
e17

e28
e21; e22

K46, K49, K51,... (+)
K74, K131 (-)
K148, K105-u (-)
K16 (-)
K34 (-)
K17, K99, K150 (-)
K37, K68,... (-)
none
none
none
none

e2; e7; e13; e16
e10
e14

e25; e30
e24; e31
e26
e29
e23

Bands derived from toxic strains were detected only in the samples from June (bands e3
and e28) and not in the samples from August and September when Microcystis reached
the highest densities (Table 4.2). In contrast, many non-toxic strains were identified
in the profiles from August and September (e6, e8, e11, e12, e15, e17, e22, e25 and
e30). Most of the toxic colonies isolated from these lakes (90%: 29 out of 32) originated
from the June samples, and most of the non-toxic colonies (70%: 9 out of 13) from the
August and September samples. Together, these data could suggest that while in the
beginning of a bloom toxic colonies were relatively dominant, they were out-competed
when the bloom progressed. This is in agreement with the negative correlation between
microcystin content per cell and Microcystis abundance during a bloom that was found
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by Welker et al., (2003). However, the microcystin concentrations and cell numbers that
were measured at our sampling dates did not fully substantiate this correlation, since the
increasing Microcystis populations in Lake ‘t Joppe had the highest mycrocystin content
per cell in August (Table 4.2).
Some colonies had accumulated in scums, as evidenced by their dominance in DGGE
profiles of scum samples compared to water column samples (Fig. 4.3). Accumulation
in scums could be due to a greater capability for gas vesicle formation of these strains,
or to an increased sinking rate of other strains. Cell density changes resulting from the
accumulation of polyglucose ballast are dependent on irradiance and turbulence and may
take place in the course of a day (Wallace and Hamilton, 1999). It would be interesting
to study the distribution of strains over scum and water column throughout a day, but
this requires more intensive sampling. The dominant bands in scum samples appeared
to correspond to non-toxic colonies (bands e12 and e25) or colonies of unknown toxin
production (bands e7, e10, e24 and e26). The latter strains may be expected to be toxin
producers, since the microcystin concentration per cell was higher in scums compared to
the water column (Table 4.2) while no higher abundance of known toxin producers was
observed. Alternatively, low numbers of high toxin producing genotypes may be present
that do not give rise to major bands in DGGE profiles yet have a large impact on overall
toxin concentration.
The number of different Microcystis sequences that could be distinguished in ITS
DGGE community profiles of water samples was lower than the number that had been
identified based on isolated colonies. For instance, in ITSa profiles from ‘t Joppe we
detected 12 Microcystis genotypes (Fig. 4.3), while the colonies isolated from this lake
were differentiated into 18 groups based on ITSa (Table 4.1). This indicates that the
colony isolation procedure also yielded less abundant genotypes. Other discrepancies
also signified a bias in the isolation or processing of colonies. While most isolated
Zeegerplas colonies were identified as microcystin producers, two dominant sequences
from the Zeegerplas profiles (bands e15= e30 and e17) corresponded to non-toxic
colonies and two other dominant sequences (bands e13=e16 and e14) to colonies of
unknown toxicity (Fig. 4.3 and Table 4.3). Possibly, selectivity against small colonies
of the isolation procedure (Via-Ordorika et al., 2004) resulted in preferential isolation of
larger colonies, which are more often toxic (Kurmayer et al., 2003). Also, the abundance
in many community profiles of (identical) bands e2, e7, e13 and e16 should have resulted
in the isolation of the corresponding colonies. An explanation for the resistance of these
Microcystis strains to isolation could be their formation of small or no colonies that are
missed by the colony isolation procedure yet are detected in community profiles which are
generated from filtered water samples. A more intensive sampling and colony isolation
study is required to elucidate the sequence identity of all bands in the community profiles
and thereby substantiate insights in the dynamics of Microcystis genotypes.
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Abstract
Potentially toxic cyanobacteria, like Microcystis, form a serious threat in recreational
waters and drinking-water reservoirs. In this study, we monitor the population dynamics of
toxic and non-toxic Microcystis strains using rRNA of the internal transcribed spacer (ITS)
region in combination with denaturing gradient gel electrophoresis (DGGE) to address
the following questions: Is there a seasonal succession of toxic and non-toxic Microcystis
genotypes in freshwater lakes? And, if so, can this succession explain seasonal dynamics
of the toxin microcystin? We studied three lakes in the Netherlands, all dominated by
Microcystis during summer. Coexistence of several genotypes was observed in all lakes.
The seasonal succession in a deep, stratified lake started with a population consisting
of several toxic genotypes at the onset of the bloom, which changed into a population
dominated by non-toxic genotypes at the end of the bloom. In this lake, the genotype
succession clearly accounted for the observed microcystin dynamics. In two unstratified
lakes, we also observed a seasonal replacement of Microcystis genotypes. In these two
lakes, however, the relation between genotype succession and microcystin dynamics
was less conspicuous, since toxic strains dominated throughout the bloom period. A
seasonal succession of different Microcystis genotypes, as observed in the three lakes
of our study, might often be a key mechanism determining microcystin concentrations in
Microcystis-dominated lakes. Therefore, factors driving the succession of toxic and nontoxic genotypes deserve further study.

5.1 Introduction
Massive blooms of cyanobacteria in many freshwaters worldwide limit the utilization of
recreational waters and drinking water basins due to decreased clarity, bad odor and, in
case of rapid degradation of the bloom, anoxia in the water column. In addition, several
cyanobacteria produce a range of toxins of which the hepatotoxic microcystins are most
intensively studied. In many countries, microcystin concentrations have been reported
to exceed guideline levels in freshwater lakes and thus pose a serious threat to public
health and ecosystem functioning (Chorus et al., 2001, Codd et al., 2005). In these lakes,
water managers have to take measures to control the microcystin production of harmful
cyanobacteria (Visser et al., 1996, 2005, Chorus and Bartram 1999, Verspagen et al.,
2006a). A better understanding of the microcystin dynamics in recreational waters and
drinking water reservoirs will help to improve the water quality in these water bodies.
Microcystins are mainly produced by species of the genera Anabaena, Microcystis
and Planktothrix. Since microcystins are mainly found intracellularly, microcystin
dynamics are directly related to the population dynamics of the toxin-producing cells
(Jähnichen et al., 2001, Kardinaal and Visser 2005). Biovolumes of potentially toxic
cyanobacteria have been reported to correlate with microcystin dynamics rather well, yet
never completely (Fastner et al., 2001; Jähnichen et al., 2001; Wiedner et al., 2002). A
profound effect on microcystin dynamics can be expected from changes in the relative
abundances of toxic and non-toxic strains (Chorus et al., 2001; Kardinaal et al., 2007).
Moreover, successive replacements of toxic strains with different microcystin contents
(Rohrlack et al., 2001; Carrillo et al., 2003; Welker et al. , 2004) may further contribute
to the complexity of microcystin dynamics in lakes. To study the presence of toxic and
non-toxic strains, morphological identification has a limited value for two reasons. Firstly,
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there are uncertainties in the morphological classification of Microcystis species, and
secondly, within a particular morphotype some strains can be toxic while others are not
(Fastner et al., 2001; Via-Ordorika et al., 2004). Studies focusing on the abundances of
Microcystis morphotypes could not identify clear relations between morphotypes and
microcystin dynamics (Watanabe et al., 1992; Jähnichen et al., 2001).
Whether or not a genotype can produce microcystins depends on the presence
of intact genes from the microcystin synthetase gene complex (Dittmann et al., 1997;
Tillett et al., 2000; Kurmayer et al., 2002). Part of the gene complex, mcyB (Kurmayer
& Kutzenberger, 2003) or mcyE (Vaitomaa et al., 2003), has been used to study the
relative abundance of microcystin-producing Microcystis cells in the total cyanobacterial
community by means of real-time PCR (Rinta-Kanto et al., 2005; Ouellette, 2006). In
these studies, the abundance of toxic Microcystis cells did not show much seasonal
variation (Kurmayer & Kutzenberger, 2003), or the abundance of Microcystis cells was
overestimated (Vaitomaa et al., 2003). Although the microcystin-producing part of the
cyanobacterial community is clearly identified by targeting the mcy genes, the underlying
diversity of microcystin-producing strains is not elucidated.
In recent studies we used PCR and denaturing gradient gel electrophoresis (DGGE)
on the rRNA of the internal transcribed spacer (ITS) region to study cyanobacterial
diversity, with emphasis on genotypes of the genus Microcystis. This method has a high
resolution, differentiates below species level, and proved useful in studies of the diversity
of cyanobacterial communities (Janse et al., 2003; Zwart et al., 2005). Based on this
method, 107 Microcystis colonies, originating from several lakes throughout Europe,
were screened on microcystin content by MALDI-TOF, the presence of mcy genes,
and their rRNA-ITS gene sequences (Janse et al., 2004). The screening rendered 59
different rRNA-ITS classes based upon the positions in the gels. The classification was
confirmed through sequence analyses of the ITS fragments. Microcystin-producing and
non-producing colonies were separated into different rRNA-ITS classes (Janse et al.,
2004).
Here, we apply this rRNA-ITS classification to study three Dutch lakes in which
Microcystis was a dominant component of the phytoplankton in the summer months. The
main goal is to investigate whether a seasonal succession of Microcystis genotypes can
be observed in these lakes, and whether this succession can explain part of the variation
in microcystin concentrations in the lakes. In each lake, we monitored microcystin
concentrations and biovolumes of the genus Microcystis and, when abundant, the genus
Planktothrix. In addition, we analyzed Microcystis genotype succession using DGGE and
evaluated this succession in relation to microcystin levels.

5.2 Materials and methods
5.2.1 Study area and sampling.
All studied lakes are hypertrophic, situated in the western part of the Netherlands and
are intensively used for recreational purposes. Lake ‘t Joppe is part of a large naturally
formed lake system called the Kagerplassen, near the city of Leiden. The maximum
depth is 42 m and the average depth is 13 m, the surface area is 0.9 km2. The lake
stratifies during the summer months. Lake Volkerak, a former estuary of the rivers Meuse
and Waal about 20 km South of Rotterdam, was dammed in 1987 as part of the Delta
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works (Verspagen et al., 2006a). The surface area of this lake is 46 km2, with an average
depth of 5 m and a maximum depth of 22 m. The lake is completely mixed throughout the
year. Lake Kinselmeer, located just North of Amsterdam, was formed through flooding
by the former Zuider Sea after a dike burst in the year 1825. The average depth of the
lake is 2 m and the maximum depth is 4 m. The surface area is 1.5 km2. The lake is well
mixed throughout the year.
In the year 2001, the lakes were sampled twice a month from April to October and
once a month during the rest of the year. Water samples were collected in the middle of
the lakes at 0.5 m below the surface.
5.2.2 Biovolumes
Water samples were preserved with Lugol’s Iodine (1:100) directly after sampling
and stored at 4 ºC. The water samples were concentrated by sedimentation. The cell
dimensions of the cyanobacterial phytoplankton were measured and the number of cells
was counted by inverted light microscopy, using a Sedgewick-Rafter counting chamber
(Pyser-SGI Limited, Edenbridge, Kent, UK). In water samples that contained a high
number of Microcystis colonies, the colonies were disintegrated into separate cells by
filtering 20 ml of fixed sample on a 45 mm diameter, 0.45 µm pore size HA membrane
filter (Millipore, MA, USA). The filter was transferred to an Erlenmeyer flask and 20
ml 0.01 M KOH was added. The filters were incubated for 30 minutes at 80 ºC and
subsequently transferred into a test tube, vortexed for 60 seconds and single Microcystis
cells were counted. For the calculation of the microcystin concentration per biovolume
(from here on referred to as microcystin content) in Lake ‘t Joppe and Lake Volkerak,
we used the biovolumes of Microcystis, since Microcystis was the only microcystinproducing genus that we found in these two lakes. In Lake Kinselmeer, we found two
microcystin-producing genera, Microcystis and Planktothrix, and therefore we measured
the biovolumes of both.
5.2.3 Microcystin extraction and analysis by HPLC.
Water samples were filtered in triplicate over glass microfiber filters (GF/C, 25 mm
diameter, Whatman, Maidstone, UK). Filters were stored at - 20ºC until further
processing. The filters containing cells were lyophilized and subsequently 1.5 ml 75
% (vol/vol) aqueous methanol was added for extraction of the microcystins according
to the method of Fastner et al., (1998) with the modifications described by Wiedner
et al., (2003). Microcystins were analyzed by reverse phase HPLC with diode array
detection (KONTRON instruments, Watford, UK). Different microcystin variants and
other oligopeptides were separated on a LichroCart 250-4; Lichrosphere 100 RP-18
(5μm) (Merck, Darmstadt, Germany), using a gradient of 30 to 70 % (vol/vol) aqueous
acetonitrile (with 0.05 % vol/vol trifluoroacetic acid) at a flow of 1 ml/min (Lawton et
al., 1994). Microcystins were identified using their typical UV spectra, measured with
the diode array detection system (Lawton et al., 1994). Microcystin concentrations were
subsequently quantified using the peak area of the HPLC chromatograms, calibrated
with an external microcystin-LR standard. Microcystin concentrations were expressed as
microcystin-LR equivalents, thus summing all detected microcystin variants. We could
assign most of the different microcystin variants of Lake Kinselmeer to either Planktotrix
or Microcystis on basis of the HPLC chromatograms and UV spectra of the microcystin
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variants produced by isolates from Lake Kinselmeer. In this way, we could distinguish
between Microcystis-specific and Planktothrix-specific microcystin concentrations in this
lake.
5.2.4 DNA isolation, PCR amplification and DGGE profiling.
Within four hours after sampling, water was filtered over a 25 mm diameter, 0.2 µm
pore size mixed esters filter (ME 24, Schleicher & Schuell, Dassel, Germany). DNA from
filters containing field samples was isolated as described earlier (Zwart et al., 1998).
The primer sequence for amplification of the rRNA-ITSc region is described in Janse et
al. (2003). PCR amplification was performed in an MBS 0.5 S thermocycler (ThermoHybaid, Ashford, United Kingdom) in a 50-µl reaction mixture containing approximately
100 ng of DNA, 20 mg of bovine serum albumin (New England Biolabs, Beverly,
Mass.), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.01% (wt/vol) of gelatin, 200 µM (each)
deoxynucleotide, 1.5 mM MgCl2, 2.5 U of Taq DNA polymerase (Boehringer Mannheim,
Mannheim, Germany), and 0.5 µM primer. After preincubation at 94°C for 5 min, a total
of 30 cycles were performed, starting at 94°C for 1 min, and followed by cycles with a
specified annealing temperature (Ta) for 1 min. In the first 20 cycles, Ta decreased by
1°C after every second cycle, from 62°C in the first cycle to 52°C in the twentieth. This
touch down procedure was followed to reduce nonspecific annealing of the primers. In
the last 10 cycles, Ta was 52°C. The temperature cycling was concluded with a final step
of 30 min at 72°C.
PCR products were separated on a 1.5 mm thick, vertical DGGE gel containing
8% (w/v) polyacrylamide (37.5:1 acrylamide: bisacrylamide) and a linear gradient of the
denaturants urea and formamide (Janse et al., 2003). The gels were run at 75 V for 16
hours under continuous circulation of 0.5 x TAE buffer of 60 ° C. After staining of the gel
in water containing 0.5 µg ml-1 ethidium bromide, an image of the gel was recorded with
a CCD camera system (Imago, B&L Systems, The Netherlands).
5.2.5 Sequencing of DNA from DGGE bands and DGGE gel picture analysis.
For sequence purposes, target bands were excised from the DGGE gel and processed
according to Janse et al. (2003). PCR products were purified and both DNA strands
were sequenced. Contigs from forward and reverse sequences were constructed using
the program Sequencher version 4.0.5 (Gene Codes Corp., MI, USA) and similarity with
sequences deposited in Genbank/EMBL/DDBJ was checked using the program BLAST
(Altschul et al., 1997; see http://www.ncbi.nlm.nih.gov/BLAST/). DGGE gel pictures were
analyzed using the Phoretics-1D package (Nonlinear Dynamics). Lanes were created
manually with a fixed width, and each lane represented one sampling day. Peaks smaller
than 1% of the maximum peak were discarded. The vertical position of the bands was
expressed relative to the positions of the marker bands. Markers were constructed from
amplified rRNA-ITS from several cyanobacterial strains (Janse et al., 2003) and were
loaded in the lanes at the sides and in the middle of DGGE gels. Relative densities of
Microcystis bands were calculated by dividing the peak intensity of the band by the sum
of peak intensities from all Microcystis bands in that lane. Here, the peak volume is the
sum of all pixel values within the band boundaries.
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5.2.6 DGGE gel analysis, genotype succession and toxic genotypes.
In our analysis of DGGE profiles, we focused on bands originating from Microcystis
genotypes. Bands of other cyanobacteria were discarded, because we still lack sufficient
data to enable a robust rRNA-ITS classification of other cyanobacterial genera. The
following assumptions were made to investigate Microcystis genotype succession:
·
DNA extraction efficiency of all Microcystis genotypes was identical, because
cell wall properties are not likely to vary much within one genus; moreover, we
used a thorough chemical-mechanical extraction method.
·
There is no variation in primer site sequence and limited variation in
the number of rRNA operons within the Microcystis genus as evidenced by
Janse et al., (2003) who tested 20 Microcystis strains. The test rendered one
band in 17 strains and two bands in the remaining 3 strains.
·
Relative band intensities of Microcystis genotypes in the same lane are an
adequate estimate for the relative abundances of the different Microcystis
strains in that lane.
The latter assumption is supported by a previous study showing DGGE profiles with
bands of similar intensity derived from amplification of equivalent numbers of different
Microcystis genotypes (Janse et al., 2003; their Fig. 5.2). However, our study differs
from Janse et al., (2003) in two important aspects. First, whereas Janse et al., (2003)
compared band intensities obtained from the ITSa primer set, we used the ITSc primer set
in our study. Second, the samples in our study contain a mixture of Microcystis and other
cyanobacterial genera, and amplification of the ITSc rRNA of these other cyanobacterial
genera also shows up as bands on the gels. We ran a pilot experiment, using the ITSc
primer set, in which we investigated possible changes in band intensities of Microcystis
genotypes in the presence of other cyanobacterial genera. Two laboratory strains of
Microcystis (NIVA cultures CYA 43 and CYA 140) were mixed in a 1:1 ratio. Subsequently,
we added comparable amounts (based on biovolume) of the genera Microcystis (strain
PCC 7806), Planktothrix, Anabaena and Aphanizomenon to these mixtures. DNA of all
mixtures were extracted and used as a template for PCR amplification according the
methods described in this paper. The band intensities of the resulting DGGE profiles
were calculated (Fig. 5.1). This shows that the presence of other cyanobacterial genera
suppresses the band intensities of the two focal Microcystis genotypes, when band
intensities are expressed as a percentage of the total intensity of all bands on the entire
lane (Fig. 5.1a). However, irrespective of the presence of other cyanobacteria, the band
intensities of the two focal Microcystis genotypes maintained a 1:1 ratio with respect
to each other in each of the lanes (Fig. 5.1b). In another pilot experiment, Microcystis
strains CYA 43 and CYA 140 were mixed in different ratios, ranging from 99:1 to 1:99. In
each of these mixtures, the ratios could be retrieved from the relative band intensities on
the DGGE profile (chapter 6).
Based on this experimental support, we conclude that relative band intensities of
the Microcystis bands within the same lane provide reliable estimates of the relative
abundances of Microcystis genotypes in that lane. In other words, absolute band
intensities of Microcystis lead to incorrect estimates of absolute population abundances,
but relative band intensities provide a fair representation of relative abundances in the
population composition of Microcystis.
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Figure 5.1 Band intensities of two Microcystis strains (strain CYA 43 and CYA 140) in
DGGE profiles obtained from a variety of mixtures with other cyanobacteria. In each
of the mixtures, the strains CYA 43 and CYA 140 had been added in a 1:1 ratio. (A)
Band intensities of strains CYA 43 and CYA 140 expressed as a percentage of the
total intensity of all bands in the lane. Band intensities of Microcystis genotypes are
suppressed by the presence of other cyanobacterial genera. (B) Band intensities of
strains CYA 43 and CYA 140 expressed as a percentage of the summed band intensities
of the two strains in the lane. The 1:1 ratio of the two strains is maintained, irrespective
of the presence of other cyanobacteria. Lane 1 = only strain CYA 43 & CYA 140 (1:1);
lane 2 = with Microcystis strain PCC 7806; lane 3 = with Planktothrix; lane 4 = with
Anabaena & Aphanizomenon; lane 5 = with Anabaena.
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Figure 5.2 Seasonal dynamics of Microcystis and microcystin concentrations in Lake
‘t Joppe. (A) Microcystin concentrations and total biovolume of Microcystis. Error bars
show the standard deviation of the microcystin concentrations (N=3). (B) Microcystin
contents (solid lines) and genotype dynamics of Microcystis based on relative band
intensities (%). Bars of microcystin-producing genotypes are indicated by diagonal
lines:
genotype 3 (toxic),
genotype 11 (toxic),
genotype 12 (toxic),
genotype 1 (non-toxic),
genotype 6 (non-toxic),
genotype 2 (unknown
microcystin content),
genotype 8 (unknown microcystin content ). Microcystin
concentrations are expressed as microcystin-LR equivalents (MC-LR eq).
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We inferred the microcystin production of genotypes in the natural population from the
microcystin production of isolated and cultivated strains or isolated single colonies through
similarity of the rRNA-ITS sequences. Sequences obtained in this study were compared
to sequences originating from Microcystis colonies and isolated cultures that had been
analysed on microcystin content before. The study of Janse et al. (2004) showed the
possibility to discriminate and identify microcystin-producing colonies based on rRNAITS sequences from Microcystis colonies. Out of 126 Microcystis rRNA ITS sequences
(including strains from Europe and Asia; Otsuka et al., 1999a), 74 of the sequences
clustered in 19 clusters. Each cluster contained nearly identical sequences obtained
from different colonies or isolates. In 14 out of the 19 clusters, colonies and/or isolates
originated from different lakes. The clusters differed in their capacity for microcystin
production. However, within clusters microcystin production was shared, that is, either
all members within a cluster produced microcystins, or none of the cluster members
produced microcystins. Using a conservative approach, we assume in this report that
only those Microcystis ITS sequences that match 100% with ITS sequences of previously
sequenced Microcystis strains have the same toxigenic properties as those previously
sequenced Microcystis strains. For all other Microcystis ITS sequences, we say that the
corresponding genotypes have an “unknown microcystin content”.
In Lake Kinselmeer, the phytoplankton community is largely composed of Microcystis
and Planktothrix. However, since classification of Planktothrix genotypes using DGGE
methods is not yet feasible and the relation between microcystin production and
Planktothrix genotypes is not evident, we did not include the Planktothrix genotypes in
our DGGE analyses.
5.2.7 Accession numbers.
Sequences were deposited at EMBL. The assigned accession numbers are AM235769
to AM235784 for excised bands and cultured isolates, additional numbers are AM236078
for VC52 and AM236079 for VC34.

5.3 Results
5.3.1 Biovolumes in relation to microcystin concentration.
To investigate to what extent the abundances of potentially toxic cyanobacteria can explain
microcystin concentrations, we measured the biovolumes of cyanobacterial genera
that are known to include microcystin producers. In Lake ‘t Joppe and Lake Volkerak,
Microcystis was the only microcystin-producing genus, while in Lake Kinselmeer potential
microcystin producers included both Microcystis and Planktothrix agardhii. Microcystin
concentrations developed roughly parallel to the biovolumes of Microcystis in Lake ‘t
Joppe (Pearson correlation: R2 = 0.71; N = 10; P < 0.01) and Lake Volkerak (R2 = 0.92;
N = 11; P < 0.001), with maxima at the end of August/early September (Fig. 5.2a, 5.3a).
In Lake Kinselmeer, microcystin concentrations correlated with the sum of Microcystis
and Planktothrix biovolumes (Fig. 5.4a; R2 = 0.83; N = 15; P < 0.001). However, the
fluctuations in microcystin concentration did not completely coincide with fluctuations
in biovolume. This becomes clear when microcystin concentrations are expressed per
unit biovolume (i.e., microcystin contents). The microcystin content in Lake ‘t Joppe was
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highest at the onset of the Microcystis bloom, at the end of June / early July (Fig. 5.2b).
The microcystin content declined at the end of July, and remained relatively low during
August and September. In Lake Volkerak, the microcystin content was less variable
and the highest microcystin content coincided with the peak in biovolume at the end of
August (Fig. 5.3b). For Lake Kinselmeer, we could assign most (but not all) microcystin
variants to either Microcystis or Planktothrix, and thereby tease apart the contribution of
both genera to the total microcystin concentration in this lake. Although the biovolume of
Planktothrix exceeded the biovolume of Microcystis, the contribution of Microcystis and
Planktothrix to the total microcystin concentration in the lake was quite similar during the
cyanobacterial bloom from late August until early October (Fig.5.4a). During this bloom,
the microcystin production by Planktothrix slightly preceded the microcystin production
by Microcystis. The microcystin content of Microcystis was highest at the end of the
bloom, in the second half of September (Fig. 5.4b).
5.3.2 Genotype diversity.
To gain insight into the diversity of cyanobacterial genotypes in the lakes ’t Joppe, Volkerak
and Kinselmeer, DGGE analyses were performed on a temporal series of samples
obtained from these lakes in 2001. Usable cyanobacterial rRNA-ITS DGGE profiles were
obtained from Lake Kinselmeer and Lake Volkerak throughout the year whereas profiles
from Lake ‘t Joppe were obtained only from June onwards. We identified 30 different band
positions for Lake ‘t Joppe, 31 for Lake Volkerak, and 45 for Lake Kinselmeer (Fig. 5.5, 5.6
and 5.7). A total of 40 bands were excised from the DGGE profiles for sequence analysis.
Twenty extracted sequences originated from cyanobacteria from the genus Microcystis
and were distinguished as 12 different genotypes (Table 5.1). Other sequences were
identified as originating from Planktothrix, Anabaena or Aphanizomenon. In all three
lakes, we found coexistence of toxic and non-toxic genotypes. In Lake Kinselmeer and
Lake Volkerak, 5 Microcystis genotypes could be distinguished, whereas in Lake ‘t Joppe
7 Microcystis genotypes could be differentiated (Table 5.1).
Of the 12 Microcystis genotypes, 7 genotypes were found in one lake only, 5
genotypes were found in two lakes, while none of the genotypes were found in all three
lakes. In total, 6 of our Microcystis genotypes were 100% identical to ITS sequences
from previously analyzed colonies (Janse et al., 2004) or isolated strains. For instance,
the sequence from genotype 1 (bands VC52, JC e21 and JC e22) matched 100%
with sequences of non-microcystin-producing colonies isolated from Scottish lakes.
The sequence of genotype 6 matched 100% with non-microcystin-producing colonies
originating from Dutch and Portuguese lakes. The sequences of genotypes 3, 10, 11
and 12 matched 100 % with microcystin-producing colonies and/or isolates originating
from several lakes throughout Europe. The remaining 6 genotypes contained new ITS
sequences with a maximum similarity of 97-99 % to Microcystis sequences deposited in
the NCBI database (Table 5.1).
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Figure 5.3 Seasonal dynamics of Microcystis and microcystin concentrations in Lake
Volkerak. (A) Microcystin concentrations and total biovolume of Microcystis. Error bars
show the standard deviation of the microcystin concentrations (N=3). (B) Microcystin
contents (solid lines) and genotype dynamics of Microcystis based on relative band
intensities (%). Bars of microcystin-producing genotypes are indicated by diagonal lines:
genotype 3 (toxic),
genotype 10 (toxic),
genotype 1 (non-toxic),
genotype 4 (unknown microcystin content ),
genotype 5 (unknown microcystin
content). Microcystin concentrations are expressed as microcystin-LR equivalents (MCLR eq).
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Figure 5.4 Seasonal dynamics of the dominant cyanobacterial genera, Microcystis and
Planktothrix, in Lake Kinselmeer. (A) Microcystin concentrations and total biovolume of
Microcystis and Planktothrix. Total MCYST is the total concentration of microcystins,
while MC MCYST is the Microcystis-specific microcystin concentration, and PL MCYST is
the Planktothrix-specific microcystin concentration (based on microcystin variants found
in isolates of Microcystis and Planktothrix from Lake Kinselmeer). Error bars show the
standard deviation of the total microcystin concentration (N=3). (B) Microcystis-specific
microcystin contents (solid lines) and genotype dynamics of Microcystis based on relative
band intensities (%). Bars of microcystin-producing genotypes are indicated by diagonal
lines:
genotype 10 (toxic),
genotype 6 (non-toxic),
genotype 7 (unknown
microcystin content),
genotype 8 (unknown microcystin content),
genotype 9
(unknown microcystin content). Microcystin concentrations are expressed as microcystinLR equivalents (MC-LR eq).
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Table 5.1. Characterization of the Microcystis genotypes excised and sequenced from
DGGE profiles, and their relation to sequences in the NCBI database, (+) microcystinproducing genotype and (-) non-microcystin-producing genotype. The ‘e’ numbers in
Lake ‘t Joppe refer to bands analyzed by Janse et al. (2004).

Genotype
numbers

1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
6
7
8
9
10
11
12

e21 & e22
e23
JC26 & JC27 & e24
e25 & e30
e26
e28
e29

VC52

XC25
XC27
XC28
XC30
XC31 & XC24

Closest matching isolate or colony

Similarity
matching
colony or
isolate
(%)

K74, K131 (-)
K37 (-)
Z8 , V9 (+)
K75-u, K145 (-)
K75-l (-)
K37, K68, K105-l, K31-u (-)
K123, K121, K108, K117, K110 (-)
K75-u, K145 (-)
K34 (-)
V163 (+)
K46, K49, K51, etc.* (+)
Z4, V93 (+)

100
97
100
98
99
100
97
98
97
100
100
100

Volkerak

Kinselmeer

‘t Joppe

Genotype
numbers

Band numbers referring to excised
bands

VC53
VC34
VC54

VC55

Lake of origin of the matching colony or isolate

Accession number of the bands

Loch Balgavies (GB) & Loch Rescoby (GB)
Joppe (NL)
Zeegerplas (NL) & Volkerak (NL)
Loch Balgavies (GB) & Lake Wannsee (DE)
Loch Balgavies (GB)
Joppe & Zeegerplas (NL) & Parque de Cicade (PT)
Parque de Cicade (PT) & Lake Takerkoust (MA)
Loch Balgavies (GB) & Lake Wannsee (DE)
Joppe (NL)
Volkerak (NL)
Several lakes in Europe
Zeegerplas (NL) & Volkerak (NL)

AJ619653/AJ619654/AM236078
AJ619655
AM235769/AM235770/AJ619656/AM235771
AM236079
AM235772
AJ619657AJ619662AM235775
AM235776
AJ619658AM235777
AM235778
AM235779AM235774AM235773
AJ619660
AJ619661

* See chapter 4 for a complete list of matching colonies.
Country codes: DE = Germany, GB = Great Britain, MA = Morocco, NL = Netherlands, PT =
Portugal.
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Figure 5.5 Seasonal changes in the DGGE pattern of Lake ‘t Joppe during the year
2001. Bands are PCR products of ITS rRNA, amplified with ITS-c primers. The black
triangles indicate excised bands, which were re-amplified and sequenced. Sequence
analyses and NCBI database searches revealed that excised bands (JC) 22 to 24 relate
to Aphanizomenon / Anabaena / Synechocystis genotypes. The ‘e’ numbers all relate
to Microcystis genotypes according to Table 5.1. Lanes marked with M are the marker
lanes. Lanes marked with both date and S are samples from surface scum.
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Figure 5.6 Seasonal changes in the DGGE pattern of Lake Volkerak during the year
2001. Bands are PCR products of ITS rRNA, amplified with ITS-c primers. The black
triangles indicate excised bands, which were re-amplified and sequenced. Sequence
analyses and NCBI database searches revealed that the excised band (VC) 23 relates to
chloroplast genes and Anabaena / Aphanizomenon, band 28 relates to Aphanizomenon,
band 50 is a heteroduplex band, and band 51 revealed no consensus sequence. The
bands 52 (genotype 1), 53 (genotype 3), 54 (genotype 5), 55 (genotype 10) and 34
(genotype 4) are all related to Microcystis genotypes (see Table 1 for details). Lanes
marked with M are the marker lanes. Lanes marked with both date and S are samples
from surface scum.
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Figure 5.7 Seasonal changes in the DGGE pattern of Lake Kinselmeer during the year
2001. Bands are PCR products of ITS rRNA, amplified with ITS-c primers. The black
triangles indicate excised bands, which were re-amplified and sequenced. Sequence
analyses and NCBI database searches revealed that excised bands (XC) 12 and 13
relate to Aphanizomenon genotypes, 14 and 15 relate to Anabaena genotypes, and 19,
22 and 23 relate to Planktothrix genotypes. The excised bands 25 (genotype 6), 27
(genotype 7), 28 (genotype 8), 30 (genotype 9) and 31 & 24 (both genotype 10) are
related to Microcystis genotypes (see Table 1 for details). The excised bands 16, 20, 21,
26 and 29 revealed no reliable consensus sequences; 17 and 18 are heteroduplex bands.
The four dominant bands observed during 16 January – 25 April probably originate from
Aphanizomenon. Lanes marked with M are the marker lanes. Lanes marked with both
date and S are samples from surface scum.
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5.3.3 Microcystis genotype succession
In Lake ‘t Joppe, the high microcystin content during early summer (end of June – mid
July) concurred with a high relative band intensity of the toxic genotypes 11 and 12 (Fig.
5.2b). In August and September, when the microcystin content was low, band intensities
were dominated by the non-toxic genotype 1. In samples with a microcystin content of
zero, in October and November, the Microcystis population was dominated by the nontoxic genotypes 1 and 6.
In Lake Volkerak, the genotype composition was rather stable (Fig. 5.3b). Throughout
the year, the Microcystis population was dominated by toxic genotype 3 and genotype 4
of unknown microcystin content, with co-dominance of toxic genotype 10. The non-toxic
genotype 1 and genotype 5 of unknown microcystin content were found less regularly.
In May, Microcystis bands could not be detected on the DGGE gels while Anabaena
and Aphanizomenon dominated the cyanobacterial community (data not shown). In this
lake, a clear relation between genotype succession and microcystin content could not be
detected, since toxic genotypes remained dominant or co-dominant throughout the year.
The microcystin dynamics largely tracked the total Microcystis population (Fig. 5.3a).
In Lake Kinselmeer, the Microcystis population was mainly dominated by genotypes
9 and 10 (Fig. 5.4b). Genotype 9 of unknown microcystin content dominated during
winter and spring, while the toxic genotype 10 became dominant during the summer
months from July to October. After the collapse of the Planktothrix population, in October,
the non-toxic Microcystis genotype 6 and genotypes 7, 8 and 9 of unknown microcystin
content took over the dominant position of toxic genotype 10.

5.4 Discussion
In the three investigated lakes, the seasonal dynamics of microcystin concentrations
roughly tracked the abundances (expressed as biovolumes) of the potentially toxic
genera Microcystis and Planktothrix. However, the seasonal changes in abundance did
not completely explain the fluctuations in microcystin levels. As a possible explanation,
we investigated the seasonal succession of toxic and non-toxic genotypes within the
genus Microcystis. Using ITS rRNA analysis in combination with denaturing gradient
gel electrophoresis (DGGE), we indeed found a conspicuous succession of different
genotypes in the lakes. This shows that a seasonal succession of different Microcystis
genotypes can be a key mechanism determining microcystin concentrations in
Microcystis-dominated lakes.
5.4.1 DGGE monitoring of genotype succession
DGGE profiles are widely used to describe bacterial diversity and population dynamics
(e.g. Van der Gucht et al., 2001; Kolmonen et al., 2004; Zeidner and Béjà, 2004; Zwart
et al., 2005). In a previous study, cyanobacterial community succession analyzed by
rRNA-ITS DGGE profiles revealed contrasting population dynamics in two Planktothrixdominated lakes (chapter 3). The profiles clearly provided a more detailed view of the
changes in cyanobacterial composition when compared to traditional light microscopy
methods, especially when phytoplankton densities are low. Dominant genotypes of
Planktothrix, identified by sequencing dominant and excised bands, could be matched
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to cultured isolates originating from the two lakes, thereby identifying the key players
in microcystin dynamics. In this study, we applied the same approach to the genus
Microcystis. In addition, we included information of band intensities from the DGGE
gels to monitor the relative abundances of the different genotypes. For this purpose, we
assumed that, because of the similarities in cell wall structure and rRNA primer sites and
operon number, the DGGE band intensities reflected the relative abundances of cells from
the corresponding Microcystis genotypes. The observed dynamics in DGGE profiles thus
revealed a clear picture of the succession of genotypes in the three investigated lakes.
The use of universal ITS marker genes in combination with DGGE allowed
differentiation of effectively all cyanobacterial genera present in freshwater lakes (Janse
et al., 2003). Moreover, within the genus Microcystis, this approach enabled differentiation
at high resolution and distinguished between toxic and non-toxic Microcystis strains
(chapter 4). However, the variation of ITS sequences in the Microcystis genus is not fully
described yet, which may easily result in identification of new genotypes with unknown
microcystin contents. Indeed, in this study, we found several new genotypes for which
microcystin production has not yet been established (see Figs. 5.2b, 5.3b, 5.4b). Our
DGGE-based approach will thus benefit from an extension of the existing database by
isolation of new Microcystis genotypes. These new genotypes should be characterized
by their rRNA ITS sequences and microcystin synthetase genes. Moreover, if feasible,
their actual microcystin contents should also be assessed. Extension of the database
with more genotypes will improve predictions of microcystin dynamics on the basis of
genotype composition. Furthermore, the design of specific ITS primers for quantitative
PCR of Microcystis genotypes will improve the quantification of genotype succession.
5.4.2 Dynamics of genotype succession and microcystin content.
In total, we found 12 different Microcystis genotypes in the three lakes. Some of the
genotypes occurred in two of the investigated lakes, while other genotypes were detected
in just one of the lakes. Since several genotypes matched with sequences originating
from colonies isolated from other lakes throughout Europe (Table 5.1), these genotypes
are apparently geographically widely distributed.
In each lake, two or three Microcystis genotypes were dominant and were
accompanied by two or three less common genotypes. Also, in each lake we found
coexistence of toxic and non-toxic genotypes. However, compared to the 59 genotype
classes distinguished by Janse et al. (2004), the number of genotypes found in our lakes
is rather low. That is, the diversity of Microcystis genotypes within a lake seems limited
to only a handful of coexisting genotypes. This suggests that selection processes are
a major determinant of the dominance of different genotypes in different lakes. In each
lake, rRNA ITS sequences of at least one of the dominant genotypes matched 100% with
that of previously isolated Microcystis colonies known to produce microcystins (chapter
4).
A seasonal succession of Microcystis genotypes was observed in each of the sampled
lakes. In general, DGGE profiles indicated a stronger contribution of non-toxic genotypes
after cyanobacterial biovolumes declined at the end of the season (Fig. 5.2a, 5.3a, 5.4a).
Prior and during the bloom, marked differences in the dominance of toxic and non-toxic
genotypes were found between the lakes. In Lake ‘t Joppe, the succession between toxic
and non-toxic genotypes accounted for clear seasonal patterns in microcystin content
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of the Microcystis population. The high microcystin content at the onset of the bloom
(early July) matched the presence of two toxic genotypes. The relatively low microcystin
content during the bloom (from end July until the end of September) coincided with the
dominance of non-toxic genotypes (Fig. 5.2b). In Lake Volkerak and Lake Kinselmeer,
the Microcystis population was dominated by toxic genotypes in July and August (Fig.
5.3b, 5.4b). Hence, in these two lakes, the relation between genotype succession and
microcystin dynamics was less conspicuous, as toxic strains dominated throughout the
bloom period.
The question arises which factors could drive the seasonal succession of toxic
and non-toxic Microcystis strains? Several mechanisms might be involved, including
selective predation by bivalves (Dionisio-Pires & van Donk, 2002; Juhel et al., 2006) and
zooplankton (Lürling, 2003; Rohrlack et al., 2005; Wilson et al., 2006). Also, Microcystis
strains may differ in their buoyancy (Dunton & Walsby, 2005), stickiness (Verspagen
et al., 2006b), temperature optima (Otsuka et al., 1999b), and competitive ability for
light (Huisman et al., 1999; chapter 6), which might lead to a seasonal succession of
Microcystis genotypes. Future studies investigating ecological differences between
Microcystis genotypes may further elucidate the mechanisms of genotype succession,
which may help to explain shifts from non-toxic to toxic Microcystis strains.
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Chapter 6

Abstract
The cyanobacterium Microcystis can produce microcystins, a family of toxins that
are of major concern in water management. In several lakes the average microcystin
content per cell gradually declines from high levels at the onset of Microcystis blooms
towards low levels at the height of the bloom. Such seasonal dynamics might result
from a succession of toxic to non-toxic strains. To investigate this hypothesis, we ran
competition experiments with two toxic and two non-toxic Microcystis strains using
light-limited chemostats. The population dynamics of these closely related strains
were monitored by means of characteristic changes in light absorbance spectra and
by PCR amplification of the rRNA ITS region in combination with denaturing gradient
gel electrophoresis (DGGE), which allowed identification and semi-quantification of the
competing strains. In all experiments the toxic strains lost competition for light from nontoxic strains. As a consequence, the total microcystin concentrations in the competition
experiments gradually declined. We did not find evidence for allelopathic interactions,
as non-toxic strains became dominant even when toxic strains were given a major initial
advantage. These findings show that, in our experiments, non-toxic strains of Microcystis
were better competitors for light than toxic strains. The generality of this finding deserves
further investigation with other Microcystis strains. The competitive replacement of toxic
by non-toxic strains offers a plausible explanation for the gradual decrease in average
toxicity per cell during the development of dense Microcystis blooms.

6.1 Introduction
Blooms of the cyanobacterium Microcystis can be a major hazard in recreational lakes,
drinking water reservoirs, and protected wetland areas (Chorus and Bartram, 1999; ViaOrdorika et al., 2004; Visser et al., 2005). Microcystis often forms dense blooms that
may cause anoxia when cells die-off massively. Moreover, Microcystis can produce the
toxin microcystin. This hepatotoxin poses serious health risks for animals and humans
(Carmichael, 2001; Codd et al., 2005). Especially in dense scums, the concentration of
microcystins may increase dramatically. Microcystin concentrations up to 25,000 μg l-1
have been reported (Fastner et al., 1999), exceeding the guideline values for recreational
waters, of 20 μg l-1, by more than three orders of magnitude (Chorus, 2005).
Microcystis populations often consist of mixtures of microcystin producing and nonmicrocystin producing strains (Fastner et al., 1999; Kurmayer et al., 2002; Via-Ordorika
et al., 2004; Welker et al., 2004). Interestingly, several studies show that the average
microcystin content expressed per cell is typically high at the onset of Microcystis blooms
but much lower at the height of these blooms (chapter 2; Welker et al., 2003; Welker et al.,
2007). In other words, with increasing Microcystis biomass the Microcystis cells become,
on average, less toxic. Examples from three Microcystis-dominated Dutch lakes are
shown in Figure 6.1 This striking seasonal variability in microcystin content of Microcystis
blooms exceeds the physiological variability in cellular microcystin content reported for
isolated Microcystis strains in laboratory experiments (Hesse and Kohl, 2001; Oh et al.,
2000; Wiedner, et al., 2003). Thus, it seems that the changes in microcystin contents
during the development of Microcystis blooms are due to a seasonal succession of toxic
and non-toxic strains, in which non-toxic strains prevail at the height of the Microcystis
bloom. A seasonal succession of toxic and non-toxic Microcystis geno- or chemotypes
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Figure 6.1 Seasonal dynamics of cellular microcystin content (closed circles) and
cyanobacterial abundance (open triangles) in three eutrophic Dutch lakes: (A) ‘t Joppe,
(B) Sloterplas and (C) De Gouden Ham. All three lakes were dominated by Microcystis.
Microcystin contents are expressed per unit of cyanobacterial abundance. Cyanobacterial
abundance is expressed as cyanobacteria-bound chlorophyll, which was determined by
flow cytometry with lasers specific for phycocyanin and chlorophyll fluorescence. All data
are from the summer season of 1999, and were kindly provided by the Dutch Foundation
for Applied Water Research (STOWA).
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has indeed been observed in several lakes (Fastner et al., 2001; Welker et al., 2007;
Chapter 5, this thesis).
Competition for light is an important selective factor in phytoplankton communities
of eutrophic waters (Huisman et al., 1999; Huisman et al., 2004; Mur and Schreurs,
1995). Competition models predict that the species (or genotype) with the lowest
‘critical light intensity’ is the best competitor for light, as it can withstand the shading
cast by its competitors (Huisman and Weissing, 1994; Weissing and Huisman, 1994).
This model prediction is confirmed by laboratory competition experiments with lightlimited phytoplankton (Huisman et al., 1999; Litchman, 2003; Passarge et al., 2006).
Competition for light might play a key role in the seasonal succession of toxic and nontoxic genotypes in Microcystis blooms. The gradual increase in Microcystis biomass
during bloom development may cause substantial shading and thereby limits the
light available for growth. We therefore hypothesize that the best competitor for light
among the Microcystis genotypes present may increase its relative abundance during
bloom development, and the toxicity of this strain will then largely determine the overall
microcystin content of the Microcystis bloom.
Here, we use competition experiments to investigate competition for light between
toxic and non-toxic Microcystis strains. The experiments were carried out in laboratory
chemostats specifically designed to study competition for light (Huisman et al., 1999;
Huisman et al., 2002; Passarge et al., 2006; Stomp et al., 2004). Toxic and non-toxic
strains cannot be distinguished by traditional light microscopic techniques. Therefore,
we use two alternative approaches to distinguish the different strains in our competition
experiments. In one competition experiment, we use observed differences in pigment
composition to monitor the competing strains. In the other competition experiments we
apply recently developed molecular tools based on denaturing gradient gel electrophoresis
(DGGE) of the PCR amplified ITS region of the rRNA operon (Janse et al., 2003; chapter
4) to monitor competition between the Microcystis strains.

6.2 Materials and methods
6.2.1 Organisms
The experiments were performed with two recently isolated Microcystis spp. strains from
Lake Volkerak, The Netherlands, and with two Microcystis aeruginosa laboratory strains
originating from the NIVA culture collection (Table 6.1). Volkerak strain V163 and NIVA
strain CYA140 both produce microcystin-LR. Furthermore, strain V163 produces three
other, unidentified, microcystin variants in much lower concentration. Volkerak strain
V145 and NIVA strain CYA43 do not produce microcystins. The two NIVA strains and
strain V145 contain relative high amounts of the pigment phycocyanin, which gives these
strains a bluegreen color. Conversely, strain V163 has a greenish brown appearance as
it contains the pigment phycoerythrin and relatively low amounts of phycocyanin. Thus
far phycoerythrin has been found only in one other Microcystis strain (Schatz et al.,
2005).
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Table 6.1. Characteristics of the Microcystis strains used in the experiments.
Code

Origin

Source of
reference

Microcystins
produced

Phycoerythrin

Competition
experiment

V145

Lake Volkerak,
The Netherlands
Lake Volkerak,
The Netherlands

UvA*

None

-

1

UvA*

MC-LR& 3
unidentified
variants

+

1

USA

NIVA**

None

-

2,3

CYA140 Bendig’s pond,
Bruno, Canada

NIVA**

MC-LR

-

2,3

V163

CYA43

*UvA: Algal culture collection of the University of Amsterdam, The Netherlands
**NIVA: Algal culture collection of the Norwegian Institute for Water Research, Norway
6.2.2 Light-limited chemostats.
Experiments were conducted in light-limited chemostats (Huisman et al., 1999; Huisman
et al., 2002), using flat culture vessels with a working volume of 1.85 liters and an optical
path length (‘mixing depth’) of 5 cm. The dilution rate was fixed at D = 0.011 h-1 by a
continuous inflow of nutrient-saturated mineral medium (Van Liere and Mur, 1978). The
chemostats were bubbled with a constant inflow of filtered and moistened air to ensure
homogeneous mixing and to provide sufficient amounts of inorganic carbon. Temperature
was kept constant at 20 ± 1° C by means of a stainless steel cooling element placed
within the culture vessel. The specific design of the chemostats allowed an accurate
definition of the light conditions (Huisman et al., 2002). The light source consisted of four
white fluorescent tubes (Philips PL-L/24W/840/4P) directed towards the front surface of
the culture vessel. Incident light intensity (Iin) and the light intensity penetrating through
the vessel (Iout) were measured with a LI-COR SA 190 quantum sensor at 10 evenly
spread points on the front surface and back surface of the culture vessel, respectively.
The incident light intensity was set at Iin = 25 ± 1 µmol photons m-2 s-1 for all experiments.
The light intensity Iout penetrating through the vessel was measured every three to four
days.
6.2.3 Experiments
The Microcystis strains were grown in monoculture experiments and competition
experiments. The monoculture experiments were performed for four reasons: 1) to
ensure that the strains could all survive in monoculture under the imposed experimental
conditions; 2) to determine the microcystin content of the toxic strains under the imposed
experimental conditions; 3) to assess changes in pigment concentration during the
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experiments; and 4) to determine the critical light intensities of the strains. The critical light
intensity (I*out) of each strain was measured as the light intensity penetrating through
the monoculture, once the monoculture had reached a steady state (Huisman and
Weissing, 1994; Huisman et al., 1999; Passarge et al., 2006). We ran three competition
experiments. In competition experiment 1 the toxic strain V163 and non-toxic strain V145
were inoculated at low initial population densities with a cell ratio of 1:1. Likewise, in
competition experiment 2 the toxic strain CYA140 and non-toxic CYA43 were inoculated
with a cell ratio of 1:1. In competition experiment 3 the toxic strain CYA140 and non-toxic
strain CYA43 were inoculated with a cell ratio of 9:1, to give the toxic strain an initial
advantage.
6.2.4 Sampling
Cultures were not completely axenic. However, frequent examination by phase contrast
microscopy indicated that heterotrophic bacteria amounted to less than 1% of the
total biovolume. Furthermore, we used our DGGE analysis (see below) to check for
contamination with other cyanobacterial species: the primers used for PCR and DGGE
were cyanobacteria specific and contamination by other cyanobacteria would have
been detected as an additional band in the DGGE profiles. Contamination by other
cyanobacteria was not detected.
Samples were taken from day 1 (inoculation) until the cultures had maintained
a steady state (constant population density and constant Iout) for at least one week.
During the entire experimental period, samples were taken once every four days from
the monocultures and once every two days from the competition experiments. Samples
were divided in subsamples for analysis of cell counts (Casycounter, type Casy 1 TTC,
Schärfe System, Germany), light absorption spectra, DGGE profiles, and intracellular
and extracellular microcystin concentrations.
6.2.5 Microcystin analysis
For intracellular microcystin analysis, 10 ml of culture suspension was filtered in triplicate
using GF/C filters (pore size ~1.2 μm, 25 mm diameter, Whatman, Maidstone, UK). The
filters were lyophilized, and subsequently 1.5 ml 75 % (vol/vol) aqueous methanol was
added for extraction of microcystins according to Fastner et al., (1998) with an extra step
for grinding of the filters in a Mini Beadbeater (Biospec products, Bartlesville, Oklahoma)
with 0.5 mm silica beads (Tonk et al., 2005). Dried extracts were stored at -20°C and
dissolved in 50% MeOH for analysis of microcystin content using high performance
liquid chromatography (HPLC) with photodiode array detection (KONTRON instruments,
Watford, UK). Extracts were separated on a LiChrospher 100 RP-18 (5 μm) LichorChart
250-4 cartridge system (Merck, Darmstadt, Germany), using a gradient of 30 to 70 %
(vol/vol) aqueous acetonitrile (with 0.05 % vol/vol trifluoroacetic acid) at a flow rate of 1 ml
min-1. Microcystins were identified using their typical UV spectra (Lawton et al., 1994).
Total microcystin concentrations were quantified as the sum of all microcystin peaks
using a MC-LR gravimetrical standard provided by the Laboratory of Microbiology of the
University of Dundee.
Extracellular microcystins were obtained from the 10 ml of filtered culture suspension
mentioned above. The filtrate was lyophilized and subsequently resuspended in 150 μl
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Milli-Q water. Prior to analysis the samples were vortexed, boiled in a water bath for 1 hour
(Metcalf and Codd, 2000) and centrifuged for 3 min at 18 300 g. Extracellular microcystin
concentrations were below the detection limit of the HPLC (2.5 ng microcystin). Therefore,
they were determined using an Enzyme-Linked Immuno Sorbent Assay (ELISA). The
ELISA was performed according to the protocol of the Microcystin Plate Kit (EnviroLogix
Inc. Catalog No. EP 022).
6.2.6 Light absorbance spectra
Because strain V145 has a higher content of the pigment phycocyanin than strain V163,
we could deduce the population dynamics of the two strains in competition experiment
1 from the relative concentration of phycocyanin. For this purpose, 2 ml of culture
suspension was pressurized at 10 Bar to collapse the gas vesicles of the cells. Next,
the culture suspension was transferred to a quartz cuvet (10 mm width) and its light
absorbance spectrum was scanned from 350 to 700 nm with a bandwidth of 0.4 nm
using an Aminco DW-2000 double-beam spectrophotometer. Mineral medium without
Microcystis was used for baseline measurements. After baseline correction, the relative
concentration of phycocyanin in the culture was estimated by expressing light absorption
by phycocyanin (at 627 nm) as a percentage of the light absorption by the first chlorophyll
peak (at 438 nm).
6.2.7 DGGE profiling
Strain CYA140 and strain CYA43 have a very similar pigment composition. Previous
work, however, has shown that different Microcystis strains can be differentiated at
high resolution using DGGE analysis of the ITS region (Janse et al., 2003; chapter
4). Therefore, we prepared a range of different mixtures of the two strains, to assess
whether the relative abundances of the two strains could be quantified using the relative
band intensities of strain-specific bands in DGGE profiles. Since this worked out very
well, we decided to monitor the population dynamics of Microcystis strains CYA140
and CYA43 in competition experiments 2 and 3 using their relative band intensities
in DGGE profiles of the samples. After sampling, 2 ml of the culture suspension was
transferred to Eppendorf tubes and put under pressure (10 Bar) to collapse the gas
vesicles of the cells. Subsequently, the Eppendorf tubes were centrifuged at 18,300 g
and the supernatants were removed. The Eppendorf tubes were stored at -20 ºC until
further processing. We used a Xanthogenate-based protocol for DNA isolation (Tillett
and Neilan, 2000). We applied DGGE analysis to sections of the internal transcribed
spacer (ITS) between the 16S and 23S rRNA genes. The PCR amplification protocol and
primers used for the ITS region were based on Janse et al., (2003). PCR products were
separated on a 1.5 mm thick, vertical DGGE gel containing 8% (w/v) polyacrylamide
(37.5:1 acrylamide:bisacrylamide) and a linear gradient of the denaturants urea and
formamide. After staining of the gel in water containing 0.5 µg ml-1 ethidium bromide,
an image of the gel was recorded with a CCD camera system (Imago, B&L Systems,
The Netherlands). DGGE gel pictures were analyzed using the Phoretics-1D package
(Nonlinear Dynamics, UK). Lanes were created manually with a fixed width. Subsequent
lanes represented subsequent sampling days. Peaks smaller than 1% of the maximum
peak were discarded. Relative densities of Microcystis bands were calculated by dividing
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the peak intensity of the band concerned by the sum of the peak intensities from all
Microcystis bands in that lane. Here, peak intensity is defined as the sum of all pixel
values within the band boundaries. The DGGE profiles were run in duplicate to check the
consistency of the results.

6.3 Results
6.3.1 Monoculture experiments
All strains were able to grow well in monoculture. Figure 6.2 shows examples of
monoculture experiments of strain V145 and strain CYA140. Cell densities increased
to a steady-state value of about 6 million cells ml-1 for strain V145 and 23 million cells
ml-1 for strain CYA140. This difference in steady-state cell density can be attributed to a
difference in cell size, since strain V145 had an average cell diameter of 5.2 μm while
strain CYA140 had an average cell diameter of only 3.9 μm. Hence, in terms of biovolume,
the steady states of the two strains were quite similar. With increasing cell density, the
light intensity Iout penetrating through the cultures decreased. The critical light intensities
(I*out) of strain V145 and strain CYA140 were both around 1.3 µmol photons m-2 s-1 (Fig.
6.2). Strain CYA43 reached a similar critical light intensity of about 1.3 µmol photons m-2
s-1, whereas the critical light intensity of the toxic strain V163 was higher, at 4.6 µmol
photons m-2 s-1. The steady-state microcystin content in the monoculture experiments
was around 24 fg cell-1 in strain V163 (s.d. = 11, N = 4) and around 40 fg cell-1 in strain
CYA140 (s.d. = 6, N = 11).
6.3.2 Competition between toxic strain V163 and non-toxic strain V145
Strains V163 and V145 used in competition experiment 1 differed in their pigment
composition. Toxic strain V163 contains accessory pigments absorbing light between
350 and 400 nm, probably playing a role in UV-protection, the red pigment phycoerythrin
(peak absorbance at 570 nm), and a relatively low content of the bluegreen pigment
phycocyanin (peak absorbance at 627 nm) (Fig. 6.3A). Non-toxic strain V145 lacks
phycoerythrin but has a much higher content of the pigment phycocyanin (peak
absorbance at 627 nm) (Fig. 6.3B).
6.3.2.1 Population dynamics
The differences in pigment composition between the two strains were used to monitor
the competition experiment. The absorbance spectrum of the mixture in the competition
experiment shifted from a spectrum quite similar to toxic strain V163 at day 4 (Fig.
6.3C) towards a spectrum similar to non-toxic strain V145 at the end of the competition
experiment (Fig. 6.3D). In fact, the changes in the light absorbance spectra of the
competition experiment indicated that the toxic strain V163 was competitively replaced
by the non-toxic strain V145 within about two weeks (Fig. 6.3E).
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Figure 6.2 Time course of cell number (open triangles) and light penetration through
the culture vessel (Iout; closed circles) in monoculture experiments of (A) the non-toxic
strain V145 and (B) the toxic strain CYA140. A steady state was reached in about 20-30
days.
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Figure 6.3 Light absorption spectra, normalized on the first chlorophyll peak at 438 nm,
of the monoculture experiments of (A) toxic strain V163, and (B) non-toxic strain V145,
and of the competition experiment between these two strains on (C) day 4, and (D) day
39. (E) Changes in the relative absorption at 627 nm, the characteristic wavelength for
phycocyanin, show the displacement of the toxic strain V163 by the non-toxic strain
V145 during the competition experiment (squares connected by solid line). Changes in
the relative absorption at 627 nm during the monoculture experiments of strain V145
(triangles connected by dash-dotted line) and strain V163 (circles connected by dashed
line) are also indicated.
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6.3.2.2 Microcystin concentration and Microcystis biomass
The increasing dominance of the non-toxic strain V145 was confirmed by changes in
microcystin concentration. While the total Microcystis population increased more than
four-fold, the total microcystin concentration in the competition experiment decreased to
nearly zero in 10 days (Fig. 6.4).

Figure 6.4 Time course of the total microcystin concentration (closed diamonds) and cell
number (open triangles) in competition experiment 1, between the non-toxic strain V145
and the toxic strain V163. Data present the mean of three replicate measurements.
6.3.3 Competition between toxic strain CYA140 and non-toxic strain CYA43
In the next two competition experiments, we used two strains (non-toxic CYA43 and toxic
CYA140) with a similar pigment composition. We therefore used DGGE analysis of the
ITSa region to distinguish the two strains. DGGE profiles from the monocultures of strain
CYA43 and CYA140 each yielded a single band when amplified with rRNA ITSa primers.
The position of the bands on the gels differed clearly, thus allowing identification of the two
strains in the competition experiments. To test whether the DGGE profiles also allowed
quantification of the relative abundances of the two strains, we prepared mixtures of the
two strains in a range of different relative abundances. This yielded corresponding ratios
of the band intensities in rRNA-ITS DGGE profiles (Fig. 6.5A). Furthermore, all DGGE
profiles were run in duplicate, and the duplicates always showed very similar results.
Therefore, we conclude that the relative band intensities indeed enable semi-quantitative
monitoring of competition between the two strains (Fig. 6.5B).
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Figure 6.5 DGGE gels loaded with PCR products after amplification with ITSa primers
of the rRNA ITS region, for different mixtures of strain CYA43 and strain CYA140. (A)
DGGE gel of strains CYA43 and CYA140 mixed in the following ratios, from left to right:
99:1, 5.67:1, 2.45:1, 1.33:1, 0.89:1, 0.59:1, 0.32:1, 0.14:1 and 0.01:1. (B) DGGE gel of
competition experiment 2, in which the toxic strain CYA140 is gradually displaced by the
non-toxic strain CYA43.
6.3.3.1 Population dynamics
We carried out two experiments, with different initial ratios of toxic versus non-toxic
cells. Experiment 2 was started with equal amounts of toxic and non toxic cells (1:1),
while experiment 3 was started with many more toxic than non-toxic cells (9:1) to give
the toxic strain an initial advantage. Analysis of the relative band intensities in the two
competition experiments revealed that the ratio between strains CYA140 and CYA43
changed towards dominance of the non-toxin strain CYA43 in both experiments (Fig.
6.6A and 6.6B). In experiment 2, the relative band intensity of toxic strain CYA140 was
reduced to less than 20% within 25 days (Fig. 6.6A). In experiment 3, which started with
a high initial density of toxic cells, the toxic strain also gradually declined but it took much
longer, around 120 days, before the toxic strain was reduced to less than 20% of the total
Microcystis population (Fig. 6.6B).
6.3.3.2 Microcystin concentration and Microcystis biomass
The total microcystin concentration increased during the first 15 days of competition
experiment 3, in parallel with the increase of the total Microcystis population (Fig. 6.6C).
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Figure 6.6 Time courses of competition between the toxic strain CYA140 (open circles)
and the non-toxic strain CYA43 (closed circles), deduced from the relative band
intensities on the DGGE gels. (A) At the start of competition experiment 2, the competing
strains CYA43 and CYA140 were inoculated in a 1:1 ratio. (B) At the start of competition
experiment 3, the competing strains CYA43 and CYA140 were inoculated in a 1:9 ratio to
give the toxic strain CYA140 an initial advantage. (C) Time course of the total microcystin
concentration (closed diamonds) and total cell density (open triangles) in the latter
competition experiment shown in (B). Data of total microcystin concentration and total
cell density present the mean of three replicate measurements. Data of the relative band
intensities of the two strains are based on duplicate DGGE profiles.
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Figure 6.6 Time courses of competition between the toxic strain CYA140 (cont.)
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However, once the experiment reached its highest cell densities (approximately 25
million cells ml-1) the total microcystin concentration started to decline. After about 140
days, the total microcystin concentration was reduced to less than 20% of its highest
value, reflecting the competitive replacement of the toxic strain CYA140 by the non-toxic
strain CYA43.

6.4 Discussion
In this study, we investigated competition for light between different strains of the
Microcystis genus. Traditionally, phytoplankton competition studies make use of
microscopy and/or flow cytometry to monitor the population dynamics of competing
species (e.g., Grover, 1991; Huisman et al., 1999; Passarge et al., 2006; Sommer, 1986;
Stomp et al., 2004; Tilman, 1977). However, the Microcystis strains in our competition
experiments could not be distinguished microscopically. Therefore, in our experiment 1
we made use of the observation that the two strains differ in their pigment composition
(Fig. 6.3), which allowed monitoring of the relative abundances of the two strains during
the competition experiment. In experiment 2 and 3 we applied a recently developed
molecular approach that can distinguish different strains by DGGE profiles of the ITS
region of the rRNA operon (Janse et al., 2003; chapter 4). This molecular technique
allowed recognition of the different strains, and we showed that in our experiments the
relative band intensities in the DGGE profile also enabled semi-quantitative estimates of
the abundances of these strains (Fig. 6.5). The population dynamics deduced from the
DGGE analysis were confirmed by independent measurements of changes in the total
microcystin concentration in the competition experiments (Fig. 6.6).
6.4.1 Competition for light
Earlier laboratory studies revealed subtle differences in the light-dependent growth
response of various Microcystis strains (Böttcher et al., 2001; Hesse and Kohl, 2001).
Nevertheless, our results show that these subtle differences among Microcystis strains
are sufficient to cause competitive replacement (Fig. 6.3, Fig. 6.6). Competition theory
predicts that, in well-mixed waters, the phytoplankton species with the lowest critical
light intensity will be the best competitor for light (Huisman and Weissing, 1994;
Weissing and Huisman, 1994). This prediction is confirmed by a series of competition
experiments (Huisman et al., 1999; Litchman, 2003; Passarge et al., 2006). In our study,
the critical light intensity of toxic strain V163 was higher than the critical light intensity
of non-toxic strain V145. As predicted by theory, the toxic strain V163 was indeed
competitively displaced by the non-toxic strain V145 (Fig. 6.3). Competitive displacement
took less than two weeks. The critical light intensities of strains CYA140 and CYA43
were very similar. Therefore, competition theory predicts that these two strains should
be more or less equal competitors for light. Yet, the non-toxic strain CYA43 became
dominant in the competition experiments. Even in competition experiment 3, where
toxic strain CYA140 was given a strong initial advantage, the non-toxic strain CYA43
became dominant in the end. Competitive displacement of CYA140 by CYA43 took
much longer, however, than competitive displacement of V163 by V145 (compare the
time scales of Fig. 6.3 and Fig. 6.6), which is consistent with the prediction that the
difference in competitive ability between CYA140 and CYA43 must have been small.
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Our competition experiments suggest that non-toxic strains are better competitors
for light than toxic strains. In each of the competition experiments, toxic strains were
competitively excluded by non-toxic strains. One might expect a trade-off between the
costs and benefits of toxin production (Riley and Gordon, 1999). Strains that invest their
resources in microcystin production and the microcystin synthetase complex may have
less resources available to invest in other cellular functions. Although the physiological
costs of microcystin production have not yet been fully elucidated, this might indeed
imply that toxic strains are usually poorer competitors than non-toxic strains. However,
the number of toxic and non-toxic Microcystis strains that we investigated is relatively
small, and we explored only one set of environmental conditions. Further research, with
more strains competing under a wide range of different environmental conditions, will be
needed to shed more light on the generality of this finding.
6.4.2 Allelopathic interactions?
Several studies have suggested that microcystins and other toxic peptides produced
by cyanobacteria may have allelopathic effects on other phytoplankton and plants
(Pflugmacher, 2002; Schagerl et al., 2002; Schatz et al., 2005; Sedmak, and Kosi, 1998;
Sedmak and Elersek, 2005 but see LeBlanc et al., 2005). In particular, microcystins can
function as inhibitors of photosynthetic activity (Hu et al., 2004; Smith and Doan, 1999;
Sukenik et al., 2002). Mathematical theory predicts that, at least in well-mixed chemostats,
the winner of allelopathic interactions between toxin-producing and toxin-sensitive strains
will depend on the initial abundances of these strains (Chao and Levin, 1981; Durrett and
Levin, 1997; Huisman et al., 2004). That is, allelopathic interactions will be effective only
if toxin-producing strains are sufficiently abundant and produce enough toxin to suppress
toxin-sensitive strains. Our experiments were run with very high cell densities (up to
25 million cells ml-1) typical of dense cyanobacterial blooms. Moreover, in one of our
competition experiments, the toxic strain was given a much higher initial abundance than
the non-toxic strain. Yet, in the end, in all competition experiments the non-toxic strain
became dominant. Furthermore the outcome of the competition experiment with strains
V145 and V163 followed the prediction on the basis of their growth in monocultures, i.e.
the strain with the lowest critical light intensity, V145, won the competition. Any effect
of microcystins or other allelopathic substances would have counteracted this result.
Hence, our findings do not support the suggestion that microcystins play an ecologically
important role as allelopathic compounds in Microcystis population dynamics.
One explanation for the absence of allelopathic effects might be that the nonmicrocystin producing strains used in our study were resistant to microcystins. An
alternative explanation might be that the extracellular microcystin concentrations in our
experiments never exceeded 20 μg l-1, which is only 5 % of the cell-bound microcystin
in the experiments. Despite high Microcystis densities, the extracellular microcystin
concentrations in our experiments may still have been too low to have a significant negative
effect on the growth of non-microcystin producing Microcystis strains. Similarly, Babica
et al., (2006) recently concluded that ecologically relevant microcystin concentrations,
as commonly found in Microcystis blooms, are generally too low to cause allelopathic
effects on other photoautotrophic organisms.
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6.4.3 Seasonal dynamics of toxic and non-toxic strains
Controlled laboratory experiments provide very simple environments in comparison to the
full complexity of real aquatic ecosystems. For instance, in our laboratory experiments
we found competitive exclusion, resulting in the dominance of a single strain. Under
field conditions, however, coexistence of several Microcystis genotypes is often found
(Kurmayer et al., 2002; Ouellette et al., 2006; Sanchis et al., 2005; Wilson et al., 2005).
It might be that ecologically relevant aspects not investigated in our experiments, like
zooplankton grazing or nutrient limitation, promote the coexistence of multiple strains
in natural waters. Furthermore, differences in pigment composition may enable strains
containing phycoerythrin, like strain V163, to use another part of the light spectrum,
which may prolong their coexistence with strains containing phycocyanin (Stomp et al.,
2004).
Yet, despite the simplified environments in laboratory experiments, there are striking
similarities between the population dynamics in our competition experiments and the
seasonal dynamics of toxic and non-toxic Microcystis strains in natural waters. In
eutrophic lakes, the increase in total Microcystis biomass during the growing season
is often accompanied by a decrease of the average microcystin concentration per cell
(Fig. 6.1; see also chapter 2; Welker et al., 2003). We hypothesize that this seasonal
pattern reflects a competitive replacement from toxic to non-toxic Microcystis strains
within Microcystis blooms. The population dynamics in our competition experiments
indicate that the strain composition within Microcystis populations determines the overall
microcystin concentration. Moreover, the toxic strains were weaker competitors for light
than the non-toxic strains, resulting in gradually declining microcystin concentrations
during the competition experiments (Fig. 6.4, Fig. 6.6). Hence, our laboratory experiments
demonstrate that, in principle, competition for light can drive a seasonal succession from
toxic to non-toxic strains in dense Microcystis blooms.
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7.1 Introduction
The central aim of this study was to gain insight in the population dynamics of microcystinproducing and non-producing cyanobacterial genotypes, and how these population
dynamics affect the microcystin concentrations in lakes. In this chapter, the main results
presented in this thesis will be evaluated. In particular, focus will be on the discrepancy
between cyanobacterial biomass and microcystin concentrations, the seasonal
succession of toxic and non-toxic genotypes, and the factors influencing genotype
succession. Furthermore, new questions arising from this work and the application of
new molecular tools in water management will be discussed.

7.2 Population dynamics in relation to microcystin concentrations
In this study, eight lakes in The Netherlands were intensively monitored from the year
2000 until 2002. The lakes differed in morphology and phytoplankton species composition.
The cyanobacteria in the selected lakes were dominated by the genera Microcystis,
Planktothrix, Gloeotrichia, or a mixture of these genera sometimes complemented
with Anabaena and Aphanizomenon. In lakes dominated by Gloeotrichia or Anabaena
microcystins could not be detected. Therefore, this thesis focussed on microcystin
production in lakes dominated by Microcystis spp., Planktothrix agardhii and Planktothrix
rubescens. During our monitoring program, numerous cyanobacteria were isolated and
tested on microcystin production in laboratory cultures. These isolates confirmed the field
data: Microcystis spp., Planktothrix agardhii and Planktothrix rubescens are the main
microcystin producers in Dutch lakes.
The population dynamics of the three microcystin-producing species are markedly
different. Both Planktothrix species start to bloom in May. P. agardhii establishes a
population that remains dominant throughout the summer season, while P. rubescens
declines at the start of June and massively sinks to the thermocline (Chapter 3). In
general, the onset of Microcystis spp. blooms is mid June / early July and Microcystis
spp. continue to increase in biomass to a maximum reached at the end of August until
mid September (Chapter 5).
Most microcystins are cell bound (in lakes, less than 5% of the total microcystin is
freely dissolved). Therefore, one would expect that microcystin dynamics in lakes are
closely related to the biomass development of the microcystin-producing genus and/or
species. However, since biomass can be expressed in several ways (e.g. chlorophyll
concentration, dry weight, and protein concentration), such relations are not always
evident (Chapter 2). The limited number of studies that have estimated cyanobacterial
biomass show a reasonable relationship between microcystin dynamics and biomass
development. Nevertheless, even in these studies, discrepancies between microcystin
concentrations and biomass development exist (Chapter 2).
The observed discrepancies between biomass development and microcystin
concentrations may result from either fluctuating cellular microcystin contents or from
dynamic changes in genotype composition within the cyanobacterial populations.
Laboratory studies revealed that variation in the cellular microcystin contents of
both Microcystis spp. and Planktothrix spp. cells is limited. In response to different
environmental conditions, cellular microcystin contents of isolated strains vary by at
most a factor three. In contrast, fluctuations in microcystin concentrations in lakes can
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be much larger, even if corrected for variation in cyanobacterial biomass. This indicates
that changes in the genotype composition of the cyanobacteria may play a major role in
the microcystin dynamics of these lakes. For both Microcystis spp. and Planktothrix spp.
toxic and non-toxic strains have been described. Therefore, the microcystin dynamics in
lakes should be interpreted not in terms of cyanobacterial biomass, but in terms of the
population dynamics of toxic and non-toxic genotypes.
We compiled several studies presenting data on microcystin concentrations and
Microcystis spp. biomass to investigate general trends in microcystin dynamics. This
revealed that, in several lakes, high microcystin contents at the onset of the bloom develop
towards lower microcystin contents during peak bloom density. This consistent pattern
suggests a succession from predominantly toxic genotypes at the onset of Microcystis
spp. blooms to predominantly non-toxic genotypes during peak bloom density (Chapter
2 and Chapter 6).

7.3 Succession of genotypes
Traditionally, phytoplankton species composition is studied by light microscopy and/or
flow cytometry. However, these traditional methods are not suitable for the study of toxic
and non-toxic genotypes, since morphologically identical cells may differ in their toxin
production. In fact, almost all ‘species’ of harmful cyanobacteria are known to have both
toxic and non-toxic strains. Molecular tools offer a promising, fast, accurate and less
subjective method to distinguish between various genotypes.
7.3.1 Methodology
Different molecular approaches are available for the differentiation of microcystinproducing and non-microcystin-producing genotypes. Many studies aim at the abundance
of the microcystin gene complex, essential for the production of microcystins. Other
studies target on housekeeping genes like 16S rRNA and ITS rRNA genes.
Dittmann et al. (1997) were the first to demonstrate the existence of the microcystin
synthetase gene cluster in toxic Microcystis strains. The intact gene cluster (mcy A to
mcy H) codes for a synthetase complex. The synthetase complex generates microcystin
molecules non-ribosomally. During the past few years similar microcystin synthetase
gene clusters have been found in Anabaena (Rouhiainen et al., 2004) and in Planktothrix
(Christiansen et al., 2003). Extensive laboratory studies showed a good correlation
between microcystin production and the abundance of the mcy gene cluster (Carrillo
et al., 2003; Rantale et al., 2006). Primers targeting on parts of the mcy gene cluster
are therefore widely used for the detection of microcystin-producing cyanobacteria
in lakes and reservoirs (Baker et al., 2002; Rinta-Kanto et al., 2005; Furukawa et al.,
2006; Ouellette et al., 2006; Yoshida et al., 2007). However, recent studies revealed that
genotypes of Planktothrix may give positive results in mcyA detection without microcystin
production (Kurmayer et al., 2004). Apparently, the presence of (parts of) the mcy gene
cluster does not necessarily imply that these strains produce microcystins. Furthermore,
primers targeting the mcy gene cluster do not allow differentiation among the different
toxic genotypes; only mcy positive or mcy negative genotypes can be detected.
The highly conserved 16S rRNA region of cyanobacteria is widely used for the study
of cyanobacterial diversity in a variety of ecosystems, like oceans, freshwater lakes and
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bacterial mats. However, 16S rRNA is too conserved to allow differentiation of toxic and
non-toxic genotypes (Lyra et al., 2001). The more diverse Internally Transcribed Spacer
(ITS) region, located between 16S rRNA and 23S rRNA, is less conserved and hence
a more suitable target to differentiate cyanobacteria at the genotype level (Janse et al.,
2003). In the DYNATOX project, we developed one new primer for the ITS region and used
several previously described primers (Janse et al., 2003). In combination with denaturing
gradient gel electrophoresis (DGGE), the use of this primer set al.lowed differentiation of
cyanobacteria at the genus level, and further differentiation to the genotype level for at
least the genus Microcystis. The method provided a useful descriptor of the population
dynamics of cyanobacterial species and genotypes in freshwater ecosystems (Chapter
3).
Screening of more than 100 Microcystis colonies, isolated from field samples
originating from all over Europe, using the ITS-DGGE approach and sequence analysis
revealed a total number of 58 clusters and individual sequences of different Microcystis
genotypes. Each individual colony was tested on microcystin production (by MALDI-TOF)
and the presence of microcystin synthetase genes was confirmed by mcy amplification.
This revealed that each of the clusters consisted either of only microcystin-producing
colonies or of only non–microcystin-producing genotypes (Chapter 4). This is a major
improvement compared to earlier studies (Otsuka et al., 1999a; Lyra et al., 2001; Tillett et
al., 2001) in which sequences of microcystin-producing and non-microcystin-producing
cultures ended up within the same clusters. Our amplification of the ITS region including
≈100 BP of the 16S rRNA gene, direct amplification of non-cultured colonies, and the
use of the DGGE protocol, probably provided the additional resolution essential for the
differentiation of toxic and non-toxic genotypes. Further studies of isolated colonies could
enlarge the dataset and strengthen the basis of ITS for the discrimination of toxic and
non-toxic genotypes.
7.3.2 Planktothrix dominated lakes
The use of DGGE proved useful in studies of the population dynamics of (cyano)bacterial
communities (Van der Gucht et al., 2001; Muylaert et al., 2002; Kolmonen et al., 2004;
Zwart et al., 2005). In this thesis, two Planktothrix dominated lakes were sampled every
two weeks to test the applicability of our ITS-DGGE method as a new molecular tool
for the detection of harmful cyanobacteria at an early stage. The results of these lake
studies showed that the method is sufficiently sensitive to detect harmful cyanobacteria
at an early (= pre-bloom) stage. The technique also revealed important ecological
differences between the population dynamics of P. rubescens and P. agardhii. Moreover,
these studies demonstrated that a wide range of cyanobacterial genera can be detected.
However, succession of different genotypes within genera was not detected in these lakes.
This either indicates a stable genotype composition of the cyanobacterial community,
or it may point at insufficient polymorphism on the rRNA ITS gene of Planktothrix to
detect different genotypes. Consistent with the latter hypothesis, Humbert and LeBerre
(2001) found little polymorphism within 19 Planktothrix cultures. This contrasts with our
results for Microcystis, where we found high genotypic variation after the processing
of non-randomly selected colonies. Perhaps similar studies with Planktothrix filaments
directly isolated and processed from natural assemblages may elucidate additional
genetic variation in the rRNA ITS region, and hence show a relation with microcystin
production.
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7.3.3 Microcystis dominated lakes
The ITS DGGE method proved useful in differentiating Microcystis genotypes and could
distinguish between microcystin-producing and non–microcystin-producing genotypes.
This sensitivity opened the exciting possibility to study genotype succession of toxic
and non-toxic genotypes in Microcystis dominated lakes. In Chapter 5, we investigated
the microcystin dynamics in three Microcystis dominated lakes. We found coexistence
of toxic and non-toxic genotypes of Microcystis in all three lakes. Moreover, each lake
showed a conspicuous seasonal succession of Microcystis genotypes. The successional
patterns differed between lakes, and in at least one lake, Lake ‘t Joppe, this succession
of genotypes contributed to considerable changes in microcystin concentrations.
Seasonal changes in Microcystis genotype composition, similar to the seasonal
succession in Lake ‘t Joppe, have been observed in Lake Muggelsee, Germany (Welker
et al., 2003), Lake Brno, Czech Republic (Welker et al., 2007), Lake Sloterplas and Lake
Gouden Ham, both in the Netherlands (Chapter 6). Despite different methodologies, in
all these lakes the proportion of microcystin-producing cells was relatively high at the
onset of the bloom in May-June, and declined towards the end of the summer season.
Interestingly, all these lakes stratify during the summer months. In lakes lacking summer
stratification, like Lake Kinselmeer and Lake Volkerak in the Netherlands (Chapter 6) and
Lake Wannsee in Germany (Kurmayer and Kutzenberger, 2003), successional patterns
of Microcystis genotypes are less evident or nonexistent. Environmental factors like
turbidity, mixing regimes and exchange with sediments may differ considerably between
stratified and unstratified lakes, and this may contribute to the seasonal succession of
Microcystis genotypes in lakes that stratify during summer.

7.4 Factors influencing genotype succession
Which factors could drive the seasonal succession of different Microcystis genotypes?
Several mechanisms might be involved. Microcystis strains may differ in their competitive
ability for nutrients and light (Huisman et al., 1999), in their buoyancy (Dunton & Walsby,
2005), or in their temperature optima (Otsuka et al., 1999b). Also, selective predation by
bivalves (Dionisio-Pires & van Donk, 2002; Juhel et al., 2006) and zooplankton (Lürling,
2003; Rohrlack et al., 2005; Wilson et al., 2006) might lead to a seasonal succession of
Microcystis genotypes.
7.4.1 Selective grazing
Selective grazing by bivalves and zooplankton could be an important mechanism for the
seasonal succession of Microcystis genotypes. Grazing experiments with zebra mussels
showed that the mussels consume both toxic and non-toxic Microcystis, and enhance
their production of pseudofaeces when feeding on (very) toxic Microcystis cells (DionisioPires and van Donk, 2002; Juhel et al., 2006). Expel of living phytoplankton cells, via the
increased production of pseudofaeces, suggests that either green algae or Microcystis
cells benefit from a toxic cyanobacterial diet. No differentiation in expel rate between
toxic versus non-toxic Microcystis strains was reported.
Several studies focused on the effect of microcystin-producing Microcystis genotypes
on Daphnia spp. (Lurling, 2003; Rohrlack et al., 2005; Wilson et al., 2006). The animals
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were fed with a diet of solely green algae, or with solely microcystin-producing Microcystis
genotypes, or with Microcystis genotypes (or mutants) not able to produce microcystins.
The major conclusion was that Daphnia’s survival and ingestion rate were negatively
affected in the presence of both toxic and non-toxic Microcystis genotypes when compared
to the diet of just green algae. Indirectly, the feeding behavior of daphnids may affect the
Microcystis genotype composition, as daphnids may reject large cyanobacterial colonies
(Ghadouani et al., 2004). Large Microcystis colonies have been suggested to be mostly
toxin-producing genotypes (Jungman et al., 1996; Kurmayer et al., 2003), and simply
due to their large size they might be less grazed than smaller colonies.
In general, grazing experiments in various studies tested one Microcystis genotype
at a time. Experiments in which the organisms are fed with a mix of toxic and non-toxic
cells should elucidate if preference for either toxic or non-toxic Microcystis genotypes
exists, and if such preference can significantly influence the genotype composition and
microcystin production of the Microcystis population.
7.4.2 Light and its role in genotype succession
Competition between phytoplankton species and/or genotypes may play a crucial role in
the observed succession of Microcystis genotypes. Competition for nutrients and/or light
is known to influence phytoplankton species composition and species dominance within
phytoplankton communities (Tilman, 1982; Sommer, 1989; Huisman and Weissing, 1995;
Scheffer et al., 1997; Huisman and Hulot, 2005; Reynolds, 2006). The lakes investigated
in this study are all rather turbid and highly eutrophic. Therefore, phytoplankton growth
in these lakes will most likely be light limited. Despite the moderate competitive ability for
light of Microcystis spp. in comparison with other phytoplankton (Huisman et al., 1999),
Microcystis dominates in all three lakes or comprises at least a large proportion of the
cyanobacterial community. The success of Microcystis spp. is mainly attributed to its
ability to migrate in the water column, resulting in sufficient light for the organism itself and
shadowing the competing phytoplankton (Visser et al., 2005). Such migration patterns
can be disturbed by mixing, leading to changes in the underwater light regime and as a
result may change the phytoplankton composition (Huisman et al., 2004). Wind-induced
mixing may differ throughout the season. Subtle changes in mixing and subsequent
changes in light regime may benefit different Microcystis genotypes rather than changing
the whole Microcystis population. Whether such mechanisms are likely depends on the
competitive strength for light of the individual Microcystis genotypes.
In this thesis, competition for light between Microcystis genotypes was studied in
a continuous culture set-up (Chapter 6). The competition experiments confirmed that
competition can have a major impact on strain composition, and that strain composition
within Microcystis populations can determine the overall microcystin concentration.
Moreover, toxic strains were weaker competitors for light than non-toxic strains, resulting
in gradually declining microcystin concentrations during the competition experiments.
Hence, these experiments demonstrated that competition for light can drive a seasonal
succession from toxic to non-toxic strains in dense Microcystis populations, as observed
in field situations. However, the competition experiments tested only a limited number of
strains. Expanding the number of strains might allow further confirmation of the hypothesis
that toxic strains are generally weaker competitors for light than non-toxic strains.
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7.5 Future directions
The research presented within this thesis not only gives new insights in cyanobacterial
diversity and successional patterns, but also raises new questions:
·
Is the presented diversity of Microcystis strains based upon 105 colonies
exhaustive?
·
Can the use of ITS-DGGE be expanded to Planktothrix and unravel strain
diversity of this genus?
·
What other environmental factors affect the succession of strains? And what
could possibly be the role of microcystin production within succession?
Such questions could be the start for new research in which more Microcystis colonies
are screened on both microcystin production and the ITS sequence. Single Planktothrix
filaments could be screened on ITS sequences, and, if possible, on microcystin
production. Moreover, the experiments presented in this thesis are not exhaustive and
may actually be a start to conduct more competition experiments with more strains and
a wider range of environmental conditions. In such experiments, the role of microcystin
production could be one of the central questions. Ideally, to reduce confounding effects
from other physiological variables, these competition experiments should be conducted
between microcystin-producing strains versus mutants not able to produce microcystins.
The use of mcy mutants, however, does not allow the use of ITS for the differentiation
between wildtype and mutant strains. In addition, inclusion of quantitative methods, like
Quantitative PCR, may further increase the insights in the succession of cyanobacterial
genotypes; new strain-specific primers should be developed and tested.

7.6 General conclusions
The development of molecular tools allowed identification of cyanobacteria to the strain
level and differentiation of toxic versus non-toxic strains. In addition, the ITS-DGGE
technique proved useful in the early detection of harmful cyanobacteria of the genera
Planktothrix and Microcystis. More specifically, we demonstrated that the rRNA ITS
sequence of the genus Microcystis is sufficiently heterogeneous for the differentiation
of microcystin and non-microcystin producers. In other words, by analyzing rRNA ITS
diversity, toxic and non-toxic genotypes could be identified and their ecology could be
studied. Our field studies revealed coexistence of several toxic and non-toxic genotypes
within field populations of the cyanobacterium Microcystis. Moreover, successional
patterns could be observed in some cases, explaining the sudden changes in microcystin
content of the Microcystis population. In competition experiments with different Microcystis
strains, it was shown that competition for light resulted in competitive exclusion of the
toxic strains. This suggests that light availability might be an important factor driving the
succession of Microcystis genotypes in eutrophic lakes.
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Samenvatting

Samenvatting
Introductie
Cyanobacteriën zijn fototrofe bacterieën die, net al.s planten, door middel van
fotosynthese zonne-energie omzetten in biomassa. Fotosynthese is het proces waarbij
licht energie, water en koolstofdioxide omgezet worden naar koolstofverbindingen en
zuurstof geproduceerd wordt als afvalproduct. Omdat cyanobacteriën tot de oudste
organismen op de aardbol worden gerekend (fossiele gegevens wijzen op 3,5 miljard
jaar), wordt verondersteld dat ze de eerste organismen op aarde zijn geweest die in staat
zijn geweest om zuurstof te produceren en daarmee het leven zoals we dat in de huidige
vorm kennen mogelijk hebben gemaakt.
Cyanobacteriën bevatten, chlorofyl a (bladgroen) wat essentieel is voor het invangen
van licht wat gebruikt wordt voor de fotosynthese. Daarnaast bevatten cyanobacteriën
nog andere pigmenten zoals fycocyanine, een pigment dat een helblauwe kleur heeft.
Vanwege dit pigment worden cyanobacteriën ook wel blauwalgen genoemd. Andere
pigmenten die aanwezig kunnen zijn betreffen fycoceritrine (rood van kleur), carotenoïden
en pigmenten die de cel kunnen beschermen tegen UV-straling.
Cyanobacteriën groeien als losse cel, in koloniën of in (lange) draden, over het
al.gemeen worden de cellen omgeven door een gelei-achtige laag. Net al.s overige
bacteriën vermenigvuldigen cyanobacteriën zich door het splitsen van cellen of het
breken van draden. Cyanobacteriën komen algemeen voor in zoetwatersytemen en
oceanen. Verder komen cyanobacteriën voor in allerhande bodemtypen, in Antarctische
poelen met smeltwater maar ook op en onder rotsen. Bovendien kunnen cyanobacteriën
voorkomen als symbionten in kiezelwieren, planten, schimmels, sponzen en koralen.
Als symbiont vervullen ze de rol van energie leverancier via het fotosynthese pad of
voorzien hun gastheren van stikstof via de stiksofbindende capaciteit van sommige
cyanobacteriesoorten. (bijvoorbeeld in sommige kiezelwieren, koralen en kroosvaren).
Sommige cyanobateriën kunnen bestaan in extreme milieus zoals in heetwaterbronnen
waarin ze kunnen overleven bij temperaturen van 75 tot 85 °C.
In aquatische sytemen bevatten de meeste pelagische cyanobacteriën gasblaasjes.
Deze gasblaasjes zijn kleine holle cylinders gevuld met lucht en geven de cyanobacteriën
drijfvermogen. In sommige gevallen kunnen cellen, wanneer bijvoorbeeld menging
gereduceerd is, vanwege deze gasblaasjes snel massaal naar de oppervlakte drijven
om daar grote drijflagen te vormen. Bij een klein zuchtje wind kunnen zulke drijflagen
verder opeen geduwd worden en zeer dichte pakketten vormen en zodoende overlast
veroorzaken. De opeenhoping van cyanobacteriën kan het doorzicht in meren, rivieren
en plassen beperken en kan in geval van massaal afsterven leiden tot zuurstofloze
omstandigheden. Zulke omstandigheden kunnen leiden tot bijvoorbeeld massale
vissterfte.
Behalve deze opeenhoping zijn cyanobacteriën in staat een heel divers scala aan
eiwitstructuren te produceren. De eiwitten die zoal geproduceerd kunnen worden zijn
microcystine, anatoxines en saxitoxines. Cyanobacteriesoorten die zulke stoffen kunnen
produceren behoren tot de geslachten Anabaena, Aphanizomenon, Cylindrospermopsis,
Microcystis en Planktothrix. De inname van dit soort stoffen kan onder andere leiden tot
maag-darmklachten, lever schade, verlamming of zelfs tot de dood van mens en / of dier.
Tot dusver zijn er diverse incidenten bekend van schadelijke effecten bij mensen en de
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dood van dieren in samengang met hoge dichtheden aan cyanobacteriën.
Microcystines en de microcystine producerende cyanobacteriën
Hoewel er heel scala aan cyanotoxinen bestaat ligt in dit proefschrift de nadruk op de
microcystines. Dit toxine behoort, naast nodularine and cylindrospermopsine, tot de
groep van de hepatotoxines en kan vooral leverschade veroorzaken. Microcystines zijn
relatief kleine eiwitmoleculen, waarvan op dit moment al 71 varianten beschreven zijn.
Het al.gemene molecuul bestaat uit zeven aminozuren waarvan het aminozuur ADDA
het meest cruciaal is voor de interactie met eiwit fosfatase moleculen en dus voor de
toxiciteit van deze groep van cyanotoxinen. Microcystines blokkeren de werking van eiwit
fosfatase 1 en 2A. Beide enzymen vervullen essentiele functies in de cellen van mensen
en planten, waaronder gen expressie, ionen kanaal regulatie en metabole activiteit van
allerlei enzymen. Na de inname van microcystines kunnen de toxines accumuleren in
de lever en hoewel de lever een grote rol heeft in de detoxicatie van de stof kan er
toch leverschade ontstaan zoals allerlei bloedingen en verstoring van de celstructuur. Dit
soort schade kan uiteindelijk leiden tot het overlijden van het organisme.
Er bestaan tal van studies die de schadelijk effecten van microcystines op allerhande
waterorganismen beschrijven. Zulke studies beschrijven de effecten op fytoplankton,
zooplankton (voornamelijk watervlooien), tweekleppige, krabben, kreeften en vissen.
Ook bestaan er diverse studies die de effecten beschrijven op landorganismen zoals
allerlei vogels (o.a flamingo’s), koeien en katten en honden. Er bestaan eveneens enkele
studies die het effect van microcystines op mensen beschrijven. Op basis van de diverse
toxicologische studies zijn door de WHO voor microcystines richtlijnen opgesteld. De
richtlijnen voor recreatiewateren focussen zich in eerste instantie op de dichtheden van
cyanobacteriën waaraan mensen blootgesteld kunnen worden. Er worden die risiconiveau’s
onderscheiden: 1. weinig risico: ongeveer 20.000 cyanobacteriecellen per milliliter, wat
		
ongeveer overeenkomt met 10 μg microcystine per liter water.
		
2. verhoogd risico: ongeveer 100.000 cyanobacteriecellen per milliliter,
		
wat in het geval van een Microcystis (zie hieronder) bloei ongeveer
		
overeenkomt met 20 μg microcystine per liter water. Inhet geval van
een Planktothrix bloei kan deze microcystineconcentratie makkelijk
		
verdubbelen.
		
3. hoog risico: de formatie van drijflagen waarin de concentratie van
		
microcuystine makkelijk de concentratie van 10.000 μg per liter water
		
kan overschreiden.
In Nederland hebben deze richtlijnen er toe geleid dat recreatief buiten zwemwater
gesloten wordt wanneer de microcystineconcentraties meerder dagen boven de 20 μg /
l zijn. In het geval van drijflagen worden zwemontradingen afgegeven.
De genera waarin microcystine producerende soorten en stammen voorkomen
zijn: Anabaena, Anabaenopsis, Hapalosiphon, Microcystis, Nostoc, Oscillatoria en
Planktothrix. De genera Microcystis en  Anabaena komen algemeen voor en zijn over de
gehele aarbol verspreid. De genera Oscillatoria en Planktothrix lijken wat meer beperkt
tot de meer gematigde klimaatzones. In de meren die in dit proefschrift nader onderzocht
werden domineerde Microcystis of Planktothrix of Gloeotrichia of een mengeling van
deze genera, soms aangevuld met Anabaena en / of Aphanizomennon. Alleen in de
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meren waar Microcystis, Planktothrix agardhii of Planktothrix rubescens voorkwamen,
konden ook daadwerkelijk microcystines gemeten worden.
Het genus Microcystis bestaat uit ronde cellen, waarvan de diameter kan varieren
van 2 tot 8 micrometer. Onder natuurlijke condities groeien de cellen in kolonievorm
waarvan de omvang uiteen kan lopen va 10 tot meer dan 10.000 cellen. De meeste
koloniën groei in drie dimensies wat uiteindelijk kan resulteren in grote aggregaten die
met het blote oog waarneembaar zijn. De Microcystis soorten worden onderscheiden
op basis van de kolonievorm, de celafmetingen en hoe cellen bijeen blijven doormiddel
van een geleiachtig omhulsel, etecetera. Van de meeste soorten wordt verondersteld dat
ze microcystines produceren, de geproduceerde microcystine varianten kunnen nogal
uiteen lopen.
Het geslacht Planktothrix bestaat voornamelijk uit rechte draadvormige organismen.
Dit soort draden bestaan uit schijfvormige cellen, meestal breder dan hoog zijn. De
draden zijn niet omgeven door de hierboven genoemde gelei-achtige omhulsels. Binnen
het genus Planktothrix zijn de soorten P. agardhii en P. rubescens de meest algemeen
voorkomende soorten. Hierbij heeft de eerstgenoemde over het al.gemeen een
vaalgroene kleur en wordt over het al.gemeen gevonden in ondiepe verrijkte troebele
wateren. De cellen zijn over het al.gemeen goed verdeeld over de gehele waterkolom P.
rubescens heeft echter een roodachtig voorkomen en komt vooral voor in diepere matig
voedselrijke wateren. Deze soort is gedurende het voor en najaar gelijk verdeeld over de
waterkolom en verblijft in de zomermaanden, ten tijde van de stratificatie van meren op
de grens van het warme oppervlakkige en koude diepe water. Beide Planktothrixsoorten
produceren vooral de gedemethyleerde microcystine varianten zoals [D-Asp3 ] MC-RR
en [Dhb7]MC-RR.
Het soort microcystines dat door de diverse cyanobacteriesoorten en stammen
geproduceerd kan worden kan sterk uiteen lopen. Bovendien zijn er zowel van
Planktothrix als van Microcystis stammen bekend die geen enkele microcystine
produceert. In natuurlijke populaties, zoals die onder andere in meren voorkomen,
bestaan microcystine producerende en niet-producerende stammen naast elkaar. Op
basis van de klassieke microscopische methodieken zijn microcystine producerende
en niet producerende stammen niet te onderscheiden. De variabiliteit van microcystine
productie en het niet kunnen onderscheiden, maken het lastig om de microcystine
productie onder veldomstandigheden goed te vatten. Bovendien bemoeilijkt dit gegeven
de risico-analyse van de recreatief en drinkwater.
Nieuwe moleculaire technieken kunnen goed van pas komen om het onderscheid
tussen microcystine producerende en niet producerende stammen helder te maken.
Bovendien kunnen deze technieken inzicht verschaffen in de populatiedynamiek tussen
de diverse toxinevormende stammen.
Populatie dynamiek en microcystine concentraties
In deze studie werden acht meren in Nederland intensief bestudeerd in de jaren
2000 tot en met 2002. In deze meren kwamen diverse cyanobacteriegenera voor. In
deze meren konden alleen microcystines gemeten worden wanneer Microcystis spp.
of Planktothrix agardhii of Planktothrix rubescens aangetroffen werd. Deze bevinding
werd bevestigd door de isolatie van vele cyanobacteriestammen van diverse genera.
De populatiedynamiek van de soorten lopen nogal uiteen. Beide Planktothrix soorten
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starten de groei in het voorjaar, waarbij P. agardhii een stabiele populatie behoudt
gedurende het gehele seizoen, terwijl de bleoi van P. rubescens afneemt en gedurende
de zomermaanden op diepte overleeft (zie hoofdstuk 3). Verder start Microcystis spp.
de groei in juni / juli en blijft groeien tot een maximum bereikt is in augustus / september
(zie hoofdstuk 5)
Over het al.gemeen is de grootste fractie aan microcystines opgeslagen in de cel
(in meren is minder dan 5 % vrij opgelost in het water). Vervolgens zou men verwachten
dat de dynamiek van de microcystineconcentratie nauw verbonden is met ontwikkeling
aan biomassa van microcystine producerende soorten en genera. Echter biomassa
kan op diverse manieren uitgedrukt worden (bijvoorbeeld chlorofyl a, droog gewicht of
eiwitconcentratie). Door het gebruik van diverse biomassamaten zijn relaties tussen
biomassa ontwikkeling en microcystineconcentratie niet al.tijd duidelijk. Er bestaat een
beperkt aantal studies dat als biomassamaat expliciet gebruik maakt van cyanobacterie
specifieke biovolumes. Met gebruik van deze bioassamaat worden relaties duidelijker.
Hoewel zelfs bij dit soort studies bestaat er nog steeds geen eenduidige relatie tussen
biomassa ontwikkeling en gemeten microcystineconcentraties in water (hoofdstuk 2).
Dit verschil kan veroorzaakt worden doordat het gehalte aan microcystine per cel kan
variëren, deze variatie in gehaltes zijn echter redelijk klein gebleken tot maximaal een
factor drie. Een andere verklaring is dat diverse genera, soorten of stammen elkaar
gedurende een seizoen opvolgen. Daarbij kan elke stam wel of geen, meer of minder
microcystine bevatten. Het lijkt daarom essentieel dat microcystine dynamiek niet puur
vergeleken wordt met de biomassa ontwikkeling maar dat er ook aandacht bestaat voor
de ontwikkeling van microcystine en niet producerende cellen.
Uit diverse studies die in dit proefschrift nader onder de loep genomen zijn bleek
dat in een groot aantal meren het gemiddelde microcystinegehalte van Microcystis
cellen ten tijde van de aanvang van de bloei hoger was dan aan het eind van de bloei.
Deze waarneming suggereert dat het aantal microcystine producerende cellen dat deel
uitmaakt van de Microcystis populatie bij de aanvang van de bloei relatief hoog is ten
opzichte van het aantal microcystine producernde cellen aan het eind van de bloei
(hoofdstuk 2 en 6).
Successie van genotypen
Normaal gesproken wordt de soortsamenstelling van de cyanobacteriepopulatie
bestudeerd met behulp van de microscoop. Echter deze methodes zijn niet in staat om
toxine vormende organismen te onderscheiden van niet niet-toxine vormende organismen,
omdat identiek ogende cellen soms wel en soms weer geen toxines aan maken. Om
dit onderscheid wel te kunnen maken kan gebruik gemaakt worden van moleculaire
technieken. Ook in dit proefschrift is gebruik gemaakt van een moleculaire techniek om
de dynamiek van toxische en niet-toxische cyanobacteriën te onderzoeken.
Diverse moleculaire technieken zijn beschikbaar om de dynamiek van microcystine
producerende cellen te bestuderen. Een veel gebruikte techniek richt zich op het gen dat
verantwoordelijk is voor de indirecte aanmaak van de microcystines, het microcystine
synthetase gen. Deze techniek richt zich in de eerste plaats alleen op de aan- of
afwezigheid van het microcystine synthetase gen. Dynamiek van de diverse toxische
en niet toxische stammen kan niet worden bestudeerd. Een alternatieve methode is het
gebruik van een deel van het cyanobacteriegenoom dat voldoende genetische variatie
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bevat om stammen te onderscheiden. Zo’n regio kan worden gevonden tussen het 16S
rRNA en 23S rRNA (ITS regio)). In het DYANATOX project, waar deze studie deel van
uitmaakt is een nieuwe primer ontwikkeld die in combinatie met al. bestaande primers
goed onderscheidend werkt. In combinatie met denaturing gradient gel electrophoresis
(DGGE) blijkt deze methode tot op stam niveau te kunnen differencieren en onderscheid
te kunnen maken tussen microcystine producerende Microcystis stammen en niet
producerende stammen. Met deze techniek kan de dynamiek van de diverse stammen
beschreven worden. Om de methode te testen zijn er meer dan 100 Microcystis koloniën
geïsoleerd uit meren van diverse Europese landen. Al de koloniën zijn getest op de
aanwezigheid van microcystine productie en vervolgens is van alle koloniën het ITS
vermeerderd en geanalyseerd op DGGE. Op basis van de genetische basenvolgorde
konden diverse clusters onderscheiden worden. Binnen een dergelijk cluster bleken alle
cellen wel of geen microcystine te produceren (hoofdstuk 4).
Het gebruik van de ITS primers samen met DGGE is vervolgens ook ingezet in meren
waarin vooral Planktothrix het dominante genus was (hoofdstuk 3). Twee meren werden
om de twee weken bemonsterd om te zien of de methodiek ingezet kon worden om
schadelijke cyanobacteriën in een vroeg stadium, voordat er bloei plaats vindt, op
te sporen. Het bleek dat de methode voldoende gevoelig was voor de detectie van
cyanobacteriën in een vroeg stadium. Bovendien bleken er belangrijke ecologische
verschillen met betrekking tot de populatiedynamiek van P. rubescens en P. agardhii.
In tegenstelling tot de Microcystis kolonies bestond er geringe diversiteit tussen de
verschillende Planktothrix stammen. Dat kan betekenen dat er weinig dyanmek is binnen
Planktothrix gedomineerde meren of dat de gebruikte techniek niet onderscheidend
genoeg is voor dit genus. Aanvullend onderzoek waarbij enkele Planktothrix draden
bestudeerd worden zouden uitsluitsel kunnen geven over de diversiteit van dit genus.
Het feit dat de ITS-DGGE methode bruikbaar is gebleken voor het onderscheid
tussen microcystine vormende en niet microcystine vormende Microcystis genotypen
opent de weg voor studie naar de successie van genotypen onder veldomstandigheden
(hoofdstuk 5). Er zijn drie meren bestudeerd waarin Microcystis het dominante genus
was. In alle drie meren werd co-existentie aangetroffen van microcystine vormende en
niet microcystine vormende Microcystis genotypen. De successiepatronen verschilden
wel aanzienlijk tussen de drie meren. In het meer ’t Joppe droeg de successie duidelijk bij
aan de waargenomen microcystine dynamiek. Vergelijkbare trends als die waargenomen
in ’t Joppe zijn beschreven voor het Müggelmeer in Duitsland, het meer Brno in Tsjechië
en nog drie meren in Nederland. De overeenkomst tussen deze meren is dat ze allen
stratificeren gedurende de zomermaanden. In meren die niet stratificeren zoals het
Kinselmeer, het Volkerak en het Wannmeer in Duitsland zijn zulke successiepatronen
minder evident. Mogelijk dat turbiditeit, menging van het meer of uitwisseling met het
sediment dit soort successie kunnen beïnvloeden.
Factoren van invloed op genotype successie
Diverse factoren kunnen van invloed zijn op de seizoensdynamiek van de verschillende
Microcystis genotypen. Microcystis genotypen kunnen verschillen in de competitie
capaciteiten voor bijvoorbeeld nutriënten en licht. Bovendien zou er een verschil kunnen
bestaan in drijfvermogen, het vormogen om kolonies te vormen of verschil in groei
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optima bij verschillende temperaturen. Bovendien zouden tweekleppigen of zooplankton
wel eens selectief kunnen prederen op de diverse genotypen.
In dit proefschrift is bestudeerd of de competitie om licht bepalend zou kunnen
zijn voor de Microcystis genotype successie zoals die ook waargenomen werd onder
veldomstandigheden (hoofdstuk 6). Uit de studies, die uitgevoerd werden in continu culture
systemen, bleek dat competitie van invloed kan zijn op de uiteindelijke samenstelling van
de aanwezige stammen. Bovendien bepaalde de uitkomst van de competitie grotendeels
de gemeten microcystine concentratie. Uit de experimenten bleek bovendien dat de, in dit
experiment gebruikte, microcystine vormende stammen onder laag licht condities minder
goed de competitie aan konden dan de stammen die geen microcystine produceerde.
Het aantal gebruikte stammen was tot dusver beperkt. Aanvullend onderzoek met een
heel scala aan stammen zal aan moeten tonen dat de hypothese dat toxische stammen
minder goed de competitie aankunnen dan niet toxische stammen inderdaad stand
houdt.
Conclusies
De ontwikkeling van moleculaire technieken heeft het mogelijk gemaakt om cyanobacteriën
tot op het geslachtniveau te identificeren en onderscheid te maken tussen toxische en
niet toxische stammen. Bovendien is de ITS-DGGE methode nuttig gebleken voor het
vroegtijdig opsporen van schadelijke cyanobacteriën uit de geslachten Planktothrix
en Microcystis. Daarnaast is aangetoond dat de rRNA ITS basenvolgorde voldoende
variatie bezit om stammen die wel en geen microcystine produceren te onderscheiden.
Kortom door de analyse van rRNA diversiteit konden toxische en niet toxische stammen
worden onderscheiden en de ecologie van de stammen worden bestudeerd. De in dit
proefschrift beschreven veldstudies hebben de co-existentie aangetoond van diverse
toxische en niet toxische Microcystis stammen. In sommige gevallen werden bovendien
successie patronen waargenomen die verklarend waren voor de vlotte veranderingen
van de microcystinegehaltes in de Microcystispopulatie. In competitie experimenten met
diverse Microcystis stammen werd aangetoond dat onder competitie om licht de toxische
stammen de competitie verloren. Deze uitkomst suggereert dat de beschikbaarheid
van licht een belangrijke factor kan zijn die de successie van Microcystis stammen in
Nutriëntrijke meren kan sturen.
Voor de toekomst
Het onderzoek wat in dit proefschrift gepresenteerd is geeft nieuw inzicht in de diversiteit
van cyanobacteriele stammen en de successie daarvan. Daarnaast roept het onderzoek
ook nieuwe vragen op:
•
Is de waargenomen diversiteit van de Microcystis stammen oneindig?
•
Kan de ITS-DGGE methode ook toegepast worden op Planktothrix en zodoende
eventuele stammendiversiteit aan het licht brengen?
•
Welke andere milieuparameters zouden de successie van stammen kunnen
beinvloeden? En wat zou de rol van de microcystineproductie hierin kunnen
zijn?
Deze vragen kunnen de start zijn voor nieuw onderzoek waarin meer Microcystis
stammen gescreend worden op zowel ITS basenvolgorde als op de aanwezigheid
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van microcystineproductie. Planktothrix draden zouden eveneens gescreend kunnen
worden op ITS en indien mogelijk op microcystineproductie. Vervolgens zijn de in dit
proefschrift gepresenteerde experimenten lang niet uitputtend geweest, maar zijn
eigenlijk een start om meer competitie onderzoek uit te voeren waarin meer stammen en
diverse milieuparameters beschouwd worden. In dergelijke experimenten zou de rol van
microcystineproductie centraal kunnen staan. Het uitvoeren van dergelijke experimenten
met behulp van kwantitatieve moleculaire technieken zal het inzicht in stammen successie
verder versterken.
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Dankwoord
Nu daar ligt het dan………. een heus proefschrift van (bijna) Dr. Kardinaal, wie had dat
ooit gedacht? Gelukkig heel wat mensen anders was het er wellicht niet van gekomen.
Laten we bij het begin beginnen, het was alweer in mei 2000 dat ik door Petra
Visser (een goede bekende van mijn Curaçaotijd) benaderd werd of ik wilde solliciteren
op een AIO baan bij haar op de afdeling……… nu dat wilde ik wel: toxische microorganismen waren namelijk één van mijn liefdes. Vandaar dat ik heel veel zin had om
met het DYNATOX project aan de slag te gaan. Het project was geïnitieerd door Gabriël
Zwart en Luuc Mur die met het gebruik van DGGE een fraaie moleculair ecologische
uitdaging zagen in het (toxische) cyanobacterie-onderzoek. Zonder dat soort goede
initiatieven kom je natuurlijk nergens, dus bij deze chapot! Ook in de begeleiding hebben
jullie de nodige inbreng gehad, waarvoor dank. Gabriël, ik hoop dat we nog veel leuke
dingen samen kunnen doen in de nieuwe rollen die we tegenwoordig vervullen. Naast
dat Petra me er bij gesleept heeft, heeft ze al deze jaren de dagelijkse begeleiding op
haar genomen. Dat zal niet al.tijd meegevallen zijn, maar Petra voor mij deed je het
erg goed! Je wist me meestal met verve te overtuigen dat ik wél goed bezig was en op
gepaste tijden af te remmen, ik zal met plezier terug denken aan deze samenwerking en
hoop je nog vaak tegen te komen. Een andere samenwerking waar ik met plezier aan
terugdenk is die met Ingmar Janse. Ingmar je hebt me wegwijs gemaakt in de moleculaire
wereld van de cyanobacteriën, of in ieder geval op het gebied van de rRNA. Daarnaast
ben je een topvent om mee in de kroeg te zitten, zouden we vaker moeten doen. Onze
samenwerking heeft geleid tot een paar fraaie epistels, zie de hoofdstukken in dit boek.
Ook de bijdrage van Jef Huisman in de totstandkoming van dit boek mag niet onder
stoelen of banken gestoken worden. Jef je, tot op het laatst, kritische houding houdt
eenieder bij de les, en resulteert in fraaie publicaties, dank!
Jawel, ook mijn kamergenoten mogen natuurlijk niet vergeten worden. Linda de beste
co-piloot die er bestaat, we hebben er heel wat vlieguren opzitten al vond ik het uitzicht
op een gegeven ogenblik wel wat saai worden, mooi dat onze vluchten geleid hebben
tot de totstandkoming van een fraai werkje, ik wens je veel succes op je buitenlandse
vluchten. Jolanda had het niet zo op vliegen maar meer op varen op haar Volkerak,
vanaf dag één waren we toch een soort partners in de monstername-crime, zuchtend en
zwetend tot laat in de avond een beetje water filtreren, en je hebt er ook heel wat voor mij
gefiltreerd, heel erg top. Ik wens ook jou veel succes met je doorstart bij de UvA.
In het lab en tijdens de monsternames in het veld waren de twee DYNATOX
laboranten onmisbaar: Josje Snoek en Marion Meima. Josje jammer dat je Amsterdam
voortijdig ging verlaten, blijkbaar was je de beuk met de roeispaan niet te boven gekomen!
Marion, daar zat je dan in een stampend bootje op het Volkerak en dat terwijl je een
paar maanden zwanger was. Ook de overige ondersteuners heel erg dank: Hans Balke
(de HPLC magician), Miranda Kamst van Achterveld (de DGGE-goeroe), Corine Sigon,
Suzanne Hol en Pieter Slot. Zeker, ook de overige collegae hebben een ondersteunende
en motiverende rol gehad: Hans M., Marco, Natalya (really stupid!), Vladimir, Eneas,
Jutta, Maaike, Elise, Klaus, Dedmer en Eveline.
Yep, het zijn er niet veel geweest, maar er zijn ook twee studenten geweest die het
aangedurfd hebben om een stage door mij te laten begeleiden: Babette en Dolores (más
o menos). Ik heb er erg veel van geleerd, hopelijk hebben jullie dat ook zo beleefd.
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Verder heel veel dank aan mijn vrienden Gear en Paveman die zo aardig zijn om me
op 21 september mentaal te ondersteunen; laten we vooral doorgaan met die uitstapjes
zo nu en dan! Bart, Debbie en Martijn (ja ook nog een wetenschappelijke bijdrage in
hoofdstuk 5) en Lisette. Jan & Ans, Sonja & Martin, Tess altijd bereid even op de babyfoon
te passen als er weer eens iets “belangrijks” aan de hand was (naar de film of zo…).
Dank gaat ook uit naar mijn huidige werkgever DHV vanwege de financiële support en
natuurlijk al die (nieuwe?) collega’s die me een goede tijd bezorgen en in het bijzonder
Hanneke voor de prachtige lay-out van dit boekje en het ontwerp van de omslag.
Als laatste lieve Alida, vriendin, liefde en maatje; Tex, Camiel en Isa liefste kinderen van
de hele wereld, ik weet niet wat te zeggen maar jullie zijn het mooiste in mijn leven……….
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