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Fig. 7. Depth distribution and seasonal dynamics of Chtl-4 in Lake Steinsfjorden in 2003

and 2004. The colors represent square root transformed biovolume concentrations. The red dots
mark the depth of the maximum abundance at each sampling date, if such maximum existed.
Temperature contour lines are shown in black. The lake was ice covered from December 2003 to

the middle of April 2004.

Both groups were described as separate species due to a
DNA-DNA hybridization rate lower than 70% and the
production of phycoerythrin by P. rubescens. Some parallel
studies supported this separation (Davis and Walsby 2002),
while others did not (Humbert and Le Berre 2001). In Lake
Steinsfjorden, P. rubescens and P. agardhii overlapped
significantly in ecological properties and chemotype affil-

iation. The ¢pcBA marker discriminated most P. rubescens
and P. agardhii isolates, but outliers (NIVA-CYA392, 532)
and isolates with uncertain phylogeny (NIVA-CYA137,
56/1, 56/3) emphasized once again the unclear taxonomic
status of both groups. In the light of recent findings (Kang
et al. 2007), even the DNA-DNA hybridization data
reported by Suda and coworkers (2002) appear inconclu-
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Fig. 8. Relative chemotype composition of the Planktothrix
population in Lake Steinsfjorden (mean values for the entire
water column).

sive. Taken together, available data indicate a considerable
overlap between P. rubescens and P. agardhii. Therefore,
we consider them henceforth as conspecific and Chtl-4 as
subpopulations of the same population.

Because chemotypes differ from each other, properties of
a given population may depend on its chemotype compo-
sition, and any changes in this parameter may have an
effect on whole-population characteristics. This leaves
room for considerable variation and may explain the high
intrapopulation and interpopulation diversity of freshwater
cyanobacteria. A good example is the toxicity of these
organisms. Ever since the first cyanobacterial toxins have
been discovered, the vast variability in toxicity among and
within populations of the same species has given rise to
many speculations (Carmichael and Gorham 1981; Ekman-
Ekebom et al. 1992; Vezie et al. 1998). In Lake
Steinsfjorden, more than 90% of the spatial and temporal
variation in concentration of cell-bound toxins could be
explained with fluctuations in the absolute and relative
abundance of individual Planktothrix chemotypes. Chemo-
type composition was thus the main determinant of
cyanobacterial toxicity in that particular lake.

The repeated isolation of Chtl-4 from Lake Steinsfjor-
den throughout our study period encompassing 33 yr

Table 2.

suggests a coexistence of these four chemotypes for
decades. The low number of chemotypes and their low
variability over longer periods of time are somewhat
surprising, given the considerable frequency of genetic
recombination in cyanobacteria in general (Rudi et al.
1998; Hayes et al. 2002) and in cyanobacterial oligopeptide
synthetase gene clusters in particular (Christiansen et al.
2003; Mikalsen et al. 2003; Kurmayer and Gumpenberger
2006). A high rate of recombination causes a continuous
reorganization of genetic information and therefore should
have favored the evolution of new chemotypes in Lake
Steinsfjorden. The low number of chemotypes is also in
contrast to much higher counts reported from Microcystis
and Planktothrix populations in eutrophic lakes in Central
Europe (Fastner et al. 2001; Welker et al. 2004). Overall,
the above findings suggest that chemotype evolution is
driven by mechanisms that allow both stability and
diversity. We are currently conducting a study in Lake
Steinsfjorden to identify the nature of these mechanisms.

The present study identified the relative chemotype
composition of freshwater cyanobacterial populations as
a dynamic parameter that can vary in space and time.
These variations could not be explained with momentary
fluctuations in resource availability. In fact, while our study
produced evidence for the control of Planktothrix growth
in general by nutrient availability and light in Lake
Steinsfjorden (Table 2), it failed to show any direct effect
of these factors on the relative abundance of chemotypes.
Growth resources may therefore determine the size of a
population as a whole but not necessarily its chemotype
composition or parameters that depend on chemotype
composition. Previous studies on Prochlorococcus ecotypes
have produced contrasting data (West et al. 2001; Johnson
et al. 2006), suggesting that cyanobacterial subpopulations
can be controlled by different factors.

It is possible that shifts in the relative chemotype
composition in Lake Steinsfjorden were related to differ-
ences in depth regulation among Chtl-4. Planktothrix
possesses gas vesicles as a basis of a sophisticated buoyancy
regulation system, enabling the organism to stratify in
depths with favorable environmental conditions (Walsby
2005). In early summer 2003, Chtl had its maximal
abundance directly above the sediment when it started to
decline. This suggests a significant sedimentation of Chtl as
a reason for its decline in favor of Cht3 and Cht4.
Differences in depth regulation may also explain why
Cht4 accumulated in the ice in winter 2003 and 2004, while
other chemotypes did not. In this respect it is interesting to

Results from one-sided Spearman rank correlations between growth rates and light, temperature, dissolved inorganic

phosphorus (DIP) or nitrogen (DIN). For each test, the p value and the rank coefficient are given. Number of observations per test is
given in parentheses in the first column. Results with a significance level higher than 0.05 are printed in bold.

Chemotype (n) Light Temperature DIP DIN

Chtl (12) 0.21, 0.34 0.49, 0.01 0.44, 0.05 0.11, 0.42
Cht2 (12) 0.08, 0.44 0.6, 20.08 0.47, 0.03 0.12, 0.37
Cht3 (12) 0.24, 0.22 0.62, 20.1 0.39, 0.09 0.15, 0.33
Cht4 (12) 0.1, 04 0.54, 20.03 0.48, 0.01 0.16, 0.31
Chtspooted (48) ,0.01, 0.39 0.47, 0.01 0.38, 0.05 0.01, 0.36
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Fig. 9. Linear regression between the concentration of major
microcystins in Lake Steinsfjorden calculated on the basis of
Cht1-4 abundances and the mean cellular microcystin amounts of
Chtl-4 and measured directly by LC-MS/MS. The data were
based on determinations throughout the water column on 13
occasions between May 2003 and August 2004. All data were
transformed using the natural logarithm. Zero values were
omitted. (A) desmethyl-microcystin LR (y 5 1.00x + 0.32, 2 5
0.94, p , 0.0001, n 5 236), (B) desmethyl-microcystin RR (y 5
1.07x 2 0.17, 125 0.94, p , 0.0001, n 5 242).

know that gas vesicle genotypes defined by Beard and
coworkers (2000) and oligopeptide chemotypes of the
present study are in agreement. Whether this is coincidence
or reflects an actual functional coupling between depth
regulation and oligopeptide production should be elucidat-
ed in future investigations. Also, the association between
oligopeptide chemotypes and gas vesicle genotypes implies
that the changes in relative abundances of chemotypes
observed by us may also be caused by selection for different
gas vesicle characteristics.
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Another possible explanation for variations in the
relative chemotype composition is a differential effect of
zooplankton grazers and/or pathogens on Chtl-4. Most
oligopeptides are bioactive (Welker and von Dohren 2006).
Some are toxic to zooplankton, while others may inhibit
virus replication (Rohrlack et al. 2001; Zainuddin et al.
2002; Blom et al. 2003). Distinct cellular oligopeptide
patterns of Chtl-4 might thus have resulted in different
interactions with herbivores and viruses. In fact, a previous
study has shown Chtl and Cht4 to contain potentially toxic
inhibitors of Daphnia proteases, while no such compounds
have been found in Cht2 and Cht3 (Rohrlack et al. 2005).

In summary, our findings and those by authors who
worked with Prochlorococcus and Synechococcus species
(Becker et al. 2002; Casamayor et al. 2002; Johnson et al.
2006) suggest that populations comprising ecologically
distinct subpopulations are common in cyanobacteria. A
higher level of understanding of cyanobacteria may thus
demand studies that recognize the subpopulation level as a
major basis for biological processes.
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