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Abstract Toxic blooms of the cyanobacterium Microcystis
aeruginosa affect humans and animals in inland water
systems worldwide, and it has been hypothesized that the
development of these blooms will increase under the
future scenario of global change, considering eutrophication
and temperature increase as two important consequences. The
importance of genetic adaptation, chance and history on
evolution of growth rate, and toxin production of M.
aeruginosa was studied under these new conditions. The
experiment followed the idea of “replaying life’s tape”
by means of the simultaneous propagation of 15
independent isolates of three M. aeruginosa strains,
which were grown under doubled nutrient concentration
and temperature during c. 87 generations. Adaptation by
new mutations that resulted in the enhancement of growth
rate arose during propagation of derived cultures under the
new environmental conditions was the main component of
evolution; however, chance also contributed in a lesser
extension to evolution of growth rate. Mutations were
selected, displacing the wild-type ancestral genotypes. In
contrast, the effect of selection on mutations affecting
microcystin production was neutral. Chance and history
were the pacemakers in evolution of toxin production.
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Although this study might be considered an oversimplifi-
cation of the reality, it suggest that a future scenario of
global change might lead to an increase in M. aeruginosa
bloom frequency, but no predictions about the frequency
of toxicity can be made.

Introduction

The toxin-producing cyanobacterium Microcystis aeruginosa
(Kiitzing) Kiitzing frequently occurs in dense blooms in
reservoirs and lakes, and its toxins (microcystins) are
considered to be the most prevalent cyanobacterial toxins
in freshwater ecosystems [50]. In fact, M. aeruginosa is the
most important cause of toxic cyanobacterial blooms
affecting humans and animals in inland water systems
worldwide [9, 13, 30, 45, 50, 51]. Moreover, long-term
exposure to low levels of microcystins in drinking water can
be a risk factor for liver and colorectal cancer [38]. In
addition, toxic cyanobacterial blooms pose a challenge for
wildlife conservation because they are the cause of repeated
mass mortalities of water birds and fishes [1, 10, 37].
Nowadays, humankind is considered the greatest evolu-
tion cause [42]. Civilization’s new practices have derived in
a global change causing severe alterations in ecosystems
worldwide [58]. In particular, inland freshwater systems are
being transformed rapidly by eutrophication and tempera-
ture increase [11]. These changes will probably intensify in
the next decades following both the expected increase in
global temperatures and inputs of anthropogenic nitrogen.
Different works have reported a warming of at least 5°C
above today’s mean by 2,100 [29] and double anthropo-
genic nitrogen inputs by 2,050 [54]. Phytoplankton can be
considered a likely target to experience this environmental
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forcing since nutrient availability and temperature are
among the main conditions that decide competitive advan-
tage and regulate phytoplankton species distribution [18].
Depending on which species or groups are affected and in
what manner, variations have the potential to alter inland
freshwater ecosystems, in particular, if toxic cyanobacteria
species are favored. Recently, it has been suggested that the
frequency and duration of cyanobacterial blooms are
increasing due to summer heat waves [31, 40, 41]. The
adaptation to new conditions linked to global change can be
achieved by two different kinds of mechanisms: ecophys-
iological responses or genetic adaptation. Ecophysiological
responses (acclimation) are the result of modification of the
genes expression already present in populations while
genetic adaptation counts with the selection of new genetic
variants. The ecophysiological reactions of cyanobacteria
under environmental change have been previously
addressed [19]. In contrast, as far as we know, no experi-
ments have been carried out to analyze evolutionary
responses of cyanobacteria to environmental forcing.
However, evolutionary change includes much more forces
than genetic adaptation [26]. At least other two factors also
contribute to evolution: chance and historical contingency.
The effects of chance are usually due to genetic drift events
and random mutations without value for the organisms [16,
32, 53]; the final consequence is that alleles that neither
improve nor decrease adaptation are maintained in pop-
ulations. Historical contingency can become important if
certain genetic changes of adaptive value in the past
constrain or promote evolutionary outcomes [24]. To
disentangle the effects of adaptation, chance and history
on evolutionary change, Gould [25] proposed a theoretical
experiment, which consisted of “replaying life’s tape” to
test the repeatability of evolution and thereby to evaluate
their respective roles; the experiment was envisioned to
demonstrate the processes involved in macroevolutionary
events. Obviously, an experiment such as that envisioned
by Gould cannot be performed and as Lenski and
Travisano stated [34]: “the limitations reflect our lack of
access to better machines for time travel”. However, this
theoretical proposal can be empirically addressed in
microevolution by the robust experiment of Travisano
et al. [55] in which, instead of “replaying life’s tape”
sequentially (where each tape record is a replication of the
experiment, each of them separated in time), one can
achieve the same objective by replicating independent
isolates propagated simultaneously.

At the starting point, identical isolates (replicates) from a
single ancestral genotype are established and the initial
mean value of a specific phenotypic trait (in our case,
growth rate and microcystin production) is measured for
each of them. This value is expected to be identical among
isolates, within statistical limits of measurement error, at the
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beginning of the experiment. After a period of time, the
value of each trait is measured again for each isolate.
Differences between the initial and final mean values are
explained as a result of the effect of adaptation, chance, or
history [55]. Thus, a significant change in the mean value in
relation to that of the ancestral isolate means that the trait
has been a target of natural selection or that it is correlated
with some other trait that has been selected. On the other
hand, a significant increase in its variance represents the
occurrence of divergence among the evolved isolates (the
specific trait has not been a target for adaptation but
reflects the effects of random mutations or drift or their
interactions with other evolutionary processes). Other
alternatives are the occurrence of both adaptation and
chance, or on the other hand, the occurrence of neither of
them (see [55]). To test the effect of history, it is necessary
to carry out a similar experiment using different ancestral
genotypes [55].

The experiment of Travisano et al. [55] was designed for
bacterial populations, and with the appropriate modifica-
tions, has been recently addressed with digital organisms
[57] and in a marine dinoflagellate species [22]. Certainly,
this experimental evolutionary study can be carried out in
any microorganism that can be grown asexually and easily
manipulated during many generations.

The aim of this study was to investigate the evolutionary
response of bloom-forming, toxic and non-toxic strains of
M. aeruginosa to new environmental conditions (simulating
a global change scenario, i.e., high levels of nitrate and
elevated temperature). For this purpose, the relative
importance of different evolutionary components (genetic
adaptation, chance, and historical contingency) on the
change of two relevant phenotypic traits of M. aeruginosa
was analyzed. Likewise, we tried to check whether possible
adaptation could be explained as acclimation or as the
selection of new genetic variants. One of the selected traits
was the growth rate, considered as the main component of
fitness and, in consequence, an important trait in evolu-
tionary theory [21]. The other selected trait was the toxin
production, crucial for its ecological and management
implications [1, 45]. We expect that growth rate is likely
to exhibit directional selection (adaptation) and convergent
evolution. However, knowing the weak genetic correlation
of toxin production with fitness [35], as well as the unclear
toxin function [28, 44, 48, 49, 59], we should expect a
major influence of chance events and the retention of
ancestral differences. Even though this study might be
considered an oversimplification of the reality, the
evolutionary ecological approach followed here consti-
tutes a novel way to explore, throughout a rigorous
experimental model, the evolutionary response of toxic
cyanobacteria to anthropogenic-induced changes in envi-
ronmental conditions.
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Methods
Experimental Organism and Growth Conditions

Experiments were carried out using three M. aeruginosa
strains (Ma3D, Ma6D, and Ma7D) from the Algal Culture
Collection, Genetics Laboratory, Facultad de Veterinaria,
Universidad Complutense (Madrid, Spain). Strains were
collected from a pristine lagoon in Dofiana National Park
(SW Spain) with 0.032 M of nitrate and 22°C and were
maintained in culture collection 3 years prior to the
experiments under 0.035 M of nitrate and 22°C conditions
(BG-11 medium. Sigma, Aldrich Chemie, Taufkirchen,
Germany). Data on isolation of the strains were described
by Carrillo et al. [12], and information about their
ecophysiological characterization, genetic variability, and
the genetic bases of resistance against several biocides of
the strains are included in [3, 4, 15, 35, 36, 47]. In
particular, Ma3D and Ma6D are non-toxic strains, while the
strain Ma7D is toxic [12].

Cultures were grown axenically in culture flasks
(Greiner, Bio-One Inc., Longwood, NJ, USA) with 20 mL
of BG-11 medium (Sigma, Aldrich Chemie, Taufkirchen,

Figure 1 Schematic representa-
tion of the experimental design.
Fifteen isolates for control and
15 isolates for new selective
growth conditions were used
for each of the three Microcystis
aeruginosa strains. Cultures
were maintained through serial
transfer into fresh new medium

... n=15

Germany) at 22°C under a continuous irradiance of
60 umol m % s~" over the 400-700 nm waveband supplied
by daylight fluorescent tubes. Cells were maintained
axenically in mid-log exponential growth by serial transfers
of an inoculum to fresh medium once every 2 weeks. Only
cultures without bacteria were employed.

Experimental Design

A detailed description of the experimental design is
provided in reference [22]. Just before the experiment, the
three strains were re-cloned from a single cell, thus
assuring their genetic homogeneity at the starting point.
These newly established cultures were grown to high
densities in environmental conditions similar to those
used to maintain the cultures started from stocks from the
Algal Culture Collection (BG-11 medium, 22°C, and
continuous irradiance of 60 pumol m 2 s~ ! over the 400—
700 nm waveband). Cultures were then used to found 15
independent isolates of each strain, and their acclimated
maximal growth rate (a proxy of the Malthusian parameter of
fitness) and their toxin concentration (amount of microcystin-
LR equivalent per cell) were measured (see Fig. 1). These

Culture collection conditions:
1N, 22°C

Foundation of the experiment:
measurement of initial growth rate
e and toxin production

... =15

for 1 year (corresponding to c.
87 generations): control condi-
tions in BG-11 culture medium
(IN) and 22°C and selective
growth conditions in BG-11
with double concentration of
nitrate (2N) and 30°C. Growth
rate and toxin production were
estimated at the beginning,
every 4 months, and at the end
of the experiment. In order to
discriminate adaptive change
due to physiological adaptation
(acclimation) or by genetic
adaptation, cultures were trans-
ferred to the initial culture
conditions for 1 month (c. 7
generations), and growth rate
and toxin production were
measured again after this period
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isolates were transferred to new culture conditions, which
were selected in order to mimic a global change scenario
with increased nitrate levels and elevated temperature.
Therefore, the cultures were transferred to BG-11 medium
with double concentration of nitrate (0.07 M of nitrate) and
30°C. The remaining culture conditions (i.e., photon irradi-
ance and photoperiod) were maintained as previously
described.

Experimental cultures were serially propagated by 32-fold
dilution into fresh medium every 21 days, which allowed
about five generations of binary division before the further
addition of fresh medium (5=Log,32). Cultures were
propagated for 1 year (corresponding to c. 87 generations).
Growth rate and toxin production were checked every
4 months. Finally, averaged growth rate and toxin concen-
tration of the evolved cells were estimated and compared
with those of the ancestral ones.

The effects of adaptation, chance, and history on
evolutionary change of growth rate of M. aeruginosa were
estimated by using the values measured at the start of the
experiment and after 12 months under the new experimen-
tal conditions (see Fig. 1). In particular, the effects of
adaptation were defined by changes in the mean value, and
95% confidence limits were calculated by using the ¢
distribution. The effects of chance and history were
estimated by means of a two-level (3 strains and 15 isolates
within each strain, with 3 replicates of the growth rate
measurement per isolate) nested ANOVA. Thus, the
contribution of the chance component corresponds to
the variance measured among isolates within the same
strain, whereas the history component was estimated by
the variance among strains. The homogeneity of varian-
ces was checked with the F test and the normality of the
data by the Kolmogorov—Smirnov test. The square root of
the variance component for chance and history was
reported in order to use units that were comparable to
the mean change due to adaptation. Approximate 95%
asymmetrical confidence limits were calculated for the
variance components. In the case of toxin production,
homogeneity of variances was not achieved even by
transforming data. Furthermore, toxin production was just
expressed in one of the strains (7D). Therefore, the non-
parametrical Mann—Whitney U test was used to compare
ancestral and derived values from the toxic strain 7D. All
the statistical procedures were performed in accordance
with reference [52].

Acclimation vs. Genetic Adaptation
In order to test if adaptation is supported by acclimation or
by selection of the new genetic variants arising by

mutations, the cells cultured in the selective growth
conditions (c. 87 generations at double nitrate concentra-
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tion, 30°C) were then newly transferred to the initial culture
conditions (original nitrate concentration, 22°C) for 1 month
(c. 7 generations). As control, parallel cultures were
maintained in the initial growth conditions (original nitrate
concentration, 22°C) for the duration of the experiment (i.e.,
12+1 months). The growth rate and toxin production of each
experimental replicate was measured and compared with that
found in the controls. Changes in mean values were calculated
using ANOVA. Seven generations under the initial conditions
are considered enough to check if adaptation process is
assured by means of acclimation or genetic mechanisms
(reviewed by Cooper [14]).

It is hypothesized that similar growth rate and toxin
production values mean that adaptation to selective growth
conditions was achieved by acclimation because the return
to the initial growth conditions yielded similar results. On
the contrary, different growth rate values and toxin
production mean that the genetic adaptation occurred
during the time when cultures were submitted to selective
growth conditions.

Measurement of Growth Rate and Toxicity

Acclimated maximal growth rate (an estimator of Malthusian
parameter of fitness) was estimated under » selection
conditions in exponentially growing cultures according to
[16] as:

Growth rate = Log,(N;/Ny) /1,

where N, and N, are the cell number at time =4 and 0 days,
respectively. For this purpose, the values of N, and N, were
determined at 3 and 7 days after the transference of cells to
fresh medium. Cell numbers in experiments and controls
were counted (in triplicate) using a Beckman (Brea, CA,
USA) Z2 particle counter. In addition, two independent
observers also made cell counts by haemocytometer (Double
Neubauer ruling, Fortuna W.G. Co., Germany) to check the
accuracy of the particle counter.

The toxin production of the different replicates of each
strain was measured using a microcystin-specific enzyme-
linked immunoabsorbent assay (ELISA) test (EnviroGard
Microcystin Quantitube Test Kit, Strategic Diagnostic,
Inc.), according to the manufacturer’s recommendations.
This kit is a quantitative test for the detection of
microcystins residues in water. Prior to the measure-
ments, cell concentration in each replicate was assessed
at the late logarithmic growth phase, when toxicity is
highest [8], and an aliquot was kept. Then, the cells of
each aliquot were broken by freezing and sonication. The
insoluble cell debris was removed by centrifugation
(15,000 g—forcex10 min). The toxin concentration was
expressed as nanograms of MCYST-LR equivalent per
cell.
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Results
Growth Rate

Mean growth rate of the three strains increased during the
first 8 months (c. 58 generations). Afterwards, growth rate
apparently remained constant (Fig. 2a). Figure 2b shows
derived values for growth rate after c. 87 generations in
double nitrate concentration and 30°C vs. ancestral values
in single nitrate concentration and 22°C in 15 isolates of the
Ma3D, Ma6D, and Ma7D strains.

Adaptation was absent (by design) at the start of the
experimental selective period. The initial effect of chance
on growth rate of M. aeruginosa (estimated by the
variance among isolates within strains) was absent (F'=
1.48; df=42 and 90; P>0.5). On the contrary, the initial
historical contingency contribution on the growth rate
(estimated by the variance among strains) was significant
(F=18.94; df=2 and 42; P<0.001) (Fig. 3). After
12 months under the experimental selective period,
approx. two thirds of the evolutionary change of the
growth rate of M. aeruginosa was explained by adaptation
(t=13.24; df=133; P<0.001) while approx. one third of
evolution was due to chance (F=4.32; df=42 and 90;
P<0.001) (Fig. 3). The footprint of the historical contin-
gency on the growth rate of the different strains of M.
aeruginosa was non-significant (F=0.33; df=2 and 42;
P>0.5) at the end of the experiment (Fig. 3).

Mean growth rate value was found to be invariant in
control cultures during c. 87 generations (i.e., single nitrate
dose and 22°C during the entire length of the experiment)
and similar to the growth rate value measured at the outset
of the experiments (F=2.76; df=1 and 28; P>0.1).
However, the cells derived after c. 87 generations in double
nitrate doses and 30°C, newly transferred and cultured c. 7
generations to the original conditions (single nitrate dose
and 22°C) for 1 month showed significant higher growth
rate values (F=5.30; df=1 and 28; P<0.05) than control
cultures after c. 87+7 generations.

Toxin Production

The toxin production in all the isolates of Ma3D and Ma6D
remained below the detection limit during c. 87 generations
in selective conditions (double nitrate concentration, 30°C),
but the isolates from Ma7D showed abundant microcystin
production (Fig. 4a). A significant difference between the
initial and final 7D values was observed (c. 87 generations;
U=52; ny, ny=15, 15; P<0.05). Figure 4b shows derived
values for mean toxin production after c. 87 generations in
double nitrate concentration and 30°C versus ancestral
values in single nitrate concentration and 22°C in 15
isolates of Ma7D.
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Figure 2 Evolution of growth rate during c. 87 generations in
selective conditions (double nitrate concentration and 30°C) (a) and
derived versus ancestral values for mean growth rate (b) in 15 isolates
of three strains of Microcystis aeruginosa—Ma3D (close circles),
Ma6D (open circles), and Ma7D (close triangles). Symbols in b
correspond to the overall mean (CV<1.5%) of three replicates of the
growth rate measurement per isolate and per strain. Isocline (dotted
line in b) represents the score location if no changes take place

A significant difference between the initial variance (at
the start of the experiment) and the final variance (after
c. 87 generations in the new environmental conditions of
doubling nitrate and 8°C temperature increase) was observed
in Ma7D (F=9.31; df=1 and 28; P<0.001), suggesting that
chance made a significant contribution to evolution of toxin
production. Although the effect of history in evolution of
toxin production cannot be checked statistically by ANOVA,
it could be evidenced because: (1) the non-toxic strains
Ma3D and Ma6D remained non-toxic during c. 87
generations in the new environmental conditions of
doubling nitrate and 8°C temperature increase; and (2)
the toxin-producing Ma7D strain maintained a high level
of toxicity during c. 87 generations at the new environ-
mental conditions.
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Figure 3 Relative contributions of adaptation, chance, and history to
growth rate at the start and at the end of the experiment. Error bars
represent 95% confidence limits

The Ma7D cells derived after c¢. 87 generations in
double nitrate doses and 30°C, newly transferred and
cultured during c. 7 generations to the original conditions
(single nitrate dose and 22°C), showed significantly
lower toxin production values than control cultures of
Ma7D after c¢. 87+7 generations under the original
conditions (U=20; n;, n,=15, 15; P<0.001). However,
the mean toxin production value also varied in control
cultures during c. 87+7 generations under single nitrate
dose and 22°C during the entire length of the experiment
(U=34; ny, n,=30, 30; P<0.001). This is further evidence
to demonstrate that chance played an important role in the
evolution of this trait.

Discussion

The understanding of the biological response to global
change will be one of the main tasks of evolutionary
biologists in the coming decade [5]. Investigating the
capacity of phytoplankton to respond to the predicted
changes in environmental conditions has become a key
issue in order to further understand future repercussions on
the functioning of aquatic ecosystems [18]. In this context,
the importance of estimating the adaptive potential of toxic
cyanobacteria to environmental forcing is obvious, but not
much is known about the mechanisms implicated in this
process [31, 40]. Assuming the complexity of possible
responses that may arise to cope with the changing
environmental conditions, the experimental approach fol-
lowed here constitutes a novel way to explore the roles
played by physiological adaptation (acclimation), genetic
adaptation (selection of favored mutants), chance (genetic
drift and neutral mutations), and historical contingency in
the adaptation of toxic cyanobacteria under an experimental
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scenario of increasing temperature and nitrate. Evidently,
this study might be considered an oversimplification of the
reality, but reductionist approaches have propitiated the
development of modern biology [60].

Ever since Fisher [21], the importance of fitness on
evolution is well known. For that reason, the evolution of
growth rate (the main estimator of fitness) of M. aeruginosa
after a rapid environmental change was one of the
considered parameters in the current study. Genetic adap-
tation was the predominant component of growth rate
evolution. Since asexually growing clonal cultures were
used, the evolutionary changes are due to new mutations,
which occurred during propagation of derived cultures
under the new environmental conditions. Numerous muta-
tions should have arisen in each isolate (due to the huge
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Figure 4 Evolution of toxin production during c.87 generations in
selective conditions (double nitrate concentration and 30°C) in 15
isolates of three strains of Microcystis aeruginosa—Ma3D (close
circles), Ma6bD (open circles), and Ma7D (close triangles) (a) and
derived versus ancestral values for mean toxin production in 15
isolates of the Ma7D strain (b). Isocline (dotted line in b) represents
the score location if no changes take place
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number of cells growing in each culture). Some mutations
increased growth rate and were selected, displacing the
wild-type genotypes [22]. Mutations decreasing growth rate
were eliminated by natural selection. Increased nutrient
concentrations and temperature not only induced selection
for increased growth rate, but this selective effect seemed to
be strong enough to constrain the evolution of all the
experimental isolates, whose growth rates converged at the
end of the experiment, as was demonstrated by the low
contribution of chance and history. Finally, chance contrib-
uted in a lesser extension than adaptation to evolution of
growth rate of M. aeruginosa, suggesting that some neutral
mutations which affected growth rate could arose during
the experiment.

Previous studies using viruses [7, 17], bacteria [5, 33]
parasitic protozoa [43], a dinoflagellate [22], and even
digital organisms ([57]; in this case, award rate, a variable
closely related to average fitness, was used) have also
reported the occurrence of fitness convergence in sets of
isolates propagated under identical, novel environmental
conditions. As long as a similar derived growth rate value
was achieved, not only within each set of evolving isolates,
but also between the strains, it seems that environmental
conditions determined the outcome for growth rate to a
large extent. Consequently, adaptation was the main
component of growth rate evolution and the footprint of
history was eliminated, as may occur for traits that are
subject to strong selection pressure [35].

It has been observed that the majority of the evolutionary
change in a long-term experiment with bacteria occurred
during the first generations, followed by evolutionary stasis
[34]. Thus, it could be assumed that the c. 87 generations of
M. aeruginosa along the experiment was enough to detect
evolutionary change. In particular, the greater change in
growth rate occurred during the first 58 generations after
the population was placed in the experimental environment,
followed by a period of quasi-stasis. Moreover, some
previous studies demonstrated very rapid adaptive evolution
of M. aeruginosa to lethal selective agents [23, 36].

On the other hand, toxin production by cyanobacteria is
crucial from a practical point of view (i.e., management of
water supply reservoirs and wildlife conservation). For this
reason, evolution of toxicity after a rapid change in
environmental conditions was also considered as an
important parameter to study. Chance was the predominant
component in the evolution of microcystin production in M.
aeruginosa. Taking into account the constant experimental
conditions (in contrast with field conditions) as well as the
high number of cells in the experimental cultures, we
should consider that the probability of drift events was low
and most of the chance effects could be attributed to
random mutations. The evolutionary changes are due to
new mutations arising during propagation of the derived

cultures under the new environmental conditions. Since
each culture has a huge number of cells, numerous
mutations should have arisen during cell growth in each
isolate. Some mutations increased toxin production whereas
other mutations decreased toxin production, suggesting that
the effect of selection for microcystin production in derived
population (i.e., under double nitrate and +8°C) was
neutral. Thus, neither toxin-increased nor toxin-decreased
mutants have selective advantage. Moreover, it could be
supposed that wild-type ancestral genotypes have no
selective advantage. Consequently, natural selection was
not strong enough to constrain the evolution of the
experimental isolates. So, the effect of history was main-
tained during evolution of microcystin production under
new environmental conditions.

There are diverse hypothesis about the role of micro-
cystins in natural populations of cyanobacteria. It has been
hypothesized that the microcystins are involved in basic
metabolism, protective effects against predators and com-
petitive organisms, alleophatic interactions and others [28,
44, 48, 49, 56, 59]. However, biological functions of
microcystin remain controversial. For instance, cyanobac-
teria are among the most ancient organisms on the Earth
[27], and it has been proposed that microcystin synthesis is
an ancient process, developed long before the evolution of
eukaryotic photoautotrophs [2]. Microcystin synthetase
genes were in the past more widely present in cyanobacteria
than today [46]. This apparently loss of microcystin
synthetase genes during evolution indicates that selection
pressure on microcystin production has decreased. It could
be possible that toxin production is purely fortuitous, and
“non-toxic” strains could have similar structurally related
but non-toxic compounds serving the same physiological
function [39]. Recently, it has been showed that under
environmental conditions that favor cyanobacteria growth,
the cost of microcystin production prevails over its benefits,
and consequently, toxin production is lowered [6].

An evolutionary approach to this controversy could be
useful. It is well established in evolutionary theory that
traits that are strongly correlated with fitness evolve by
adaptation (selection of favorable mutations); whereas traits
that are not (or are very weakly) correlated with fitness
evolve by chance [32, 55]. The effect of history is
preserved only in traits that are less important to evolution
[25, 26, 55]. As it has been previously hypothesized, our
study demonstrates that growth rate, which is strongly
correlated with fitness, evolved mainly by adaptation,
although chance events also contributed to some extent. In
contrast, microcystin production was not (r=—0.091, df=14,
P>0.05 in this study) correlated with growth rate (the main
component of fitness); thus, toxin production evolution was
modulated by chance and history, but not by adaptation.
Similarly, previous papers showed a very high phenotypic:
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genetic variance ratio of microcystin production in experi-
mental populations of M. aeruginosa [35]. Quantitative
genetic theory proves that only the traits that are not (or are
scarcely) important in evolution have high phenotypic:
genetic variance ratio [reviewed in 20]. Consequently, toxin
production of cyanobacteria had no adaptive value (it seems
to be purely fortuitous).

Finally, these results could lead to tentatively hypothe-
size that the increase of temperature and eutrophication
might increase cyanobacteria blooms via growth rate
increase. In contrast, since chance is the pacemaker of
evolution of toxin production, predictions of the future of
toxicity may be impossible. However, the mere fact of
increasing cyanobacterial blooms could aggravate problems
in water reservoirs due to the unpredictability of the toxin
evolution.
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