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Abstract
Mass developments of toxic cyanobacteria have increased in frequency due to global warming and eutrophi-

cation. Such cyanobacterial blooms impact whole freshwater ecosystems, especially reducing the abundance of
herbivory species of the genus Daphnia. These negative effects on Daphnia have frequently been attributed to
cyanobacterial secondary metabolites, among them hepatotoxic microcystins and protease inhibitors. Protease
inhibitors inhibit major digestive proteases in the gut of Daphnia which results in reduced fitness, that is,
population growth. To date evidence for local adaptation of Daphnia to cyanobacteria is confined to
microcystin-producing cyanobacteria and based on comparison of individual clones from different populations
but lacks evidence from multiclone microcosm experiments. In the present study, D. magna clones from a Swed-
ish lake where they coexist with the microcystin-free Microcystis sp. strain BM25 were compared to clones from
a Polish population without cyanobacteria, first in single-clone experiments and subsequently in a multiclonal
experimental population. The Swedish clones were assumed to be locally adapted to this protease inhibitor-
producing cyanobacterium and indeed showed higher population growth rates, a proxy for fitness, and
dominated the population in the presence of dietary Microcystis sp. BM25, but not in the absence of this cyano-
bacterium. The results indicate an adaptive tolerance of the Swedish population and point at local adaptation to
locally co-occurring protease inhibitor-producing cyanobacteria.

Cyanobacterial mass developments have increased in fre-
quency over the last decades, due to eutrophication of
waterbodies and climate change, which comes along with high
levels of CO2 and rising temperatures (Lampert and Som-
mer 1999; Paerl and Huisman 2008). Such cyanobacterial
blooms are described as harmful for human and livestock
(Falconer 1996), as many cyanobacterial strains produce toxins
(Sivonen 1996). Furthermore, cyanobacterial blooms influence
the aquatic ecosystem in terms of abiotic conditions, like light
and turbidity (Paerl and Huisman 2008). Moreover, cyano-
bacteria are known to negatively impact the fitness of
planktivorous zooplankton, like for example the freshwater cla-
doceran Daphnia sp. (reviewed by Ger et al. 2016), which is an

important link between primary producers and higher trophic
levels. Thus, cyanobacterial blooms reduce the flow of energy
and material within the food web (Müller-Navarra et al. 2000).
However, there are several main reasons why a cyanobacterial
diet leads to reduced growth and reproduction rates of the non-
selective filter-feeder Daphnia (Hansson et al. 2007; Ger
et al. 2016). Besides low ingestibility of cyanobacterial colonies
and filaments (Porter and McDonough 1984), deficiency of
lipids in cyanobacteria that are essential for Daphnia (von Elert
et al. 2003) and resultant changes in Daphnia behavior and
anatomy (Bednarska and Dawidowicz 2007), the negative
effects of cyanobacteria on Daphnia can at least partly be
assigned to cyanobacterial secondary metabolites. Cyano-
bacteria produce a variety of biologically active secondary
metabolites (Gademann and Portmann 2008; Janssen 2019) like
microcystins and protease inhibitors, which have been shown
to cause reduced growth and reproduction rates and increased
mortality of Daphnia (Rohrlack et al. 2001; Lürling 2003;
Gademann and Portmann 2008). Microcystins are a group
of widely described cyanobacterial metabolites, but Lürling
(2003) was the first who demonstrated that a microcystin-free
cyanobacterial strain, Microcystis aeruginosa NIVA Cya 43, led to
growth reduction and he suggested other secondary metabolites
to impair the fitness of Daphnia. As a first case for negative
effects of such other cyanobacterial secondary metabolites,
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Rohrlack et al. (2004) demonstrated molt inhibition in Daphnia
by a cyanobacterial protease inhibitor. Von Elert et al. (2005)
identified two major protease inhibitors in M. aeruginosa NIVA
Cya 43 and demonstrated that these two protease inhibitors
reduced juvenile growth of Daphnia, when these protease
inhibitors were fed via liposomes (von Elert et al. 2012). Hence,
other unknown metabolites could be excluded as cause for the
reduction of growth (von Elert et al. 2012). Similarly, Czarnecki
et al. (2006) identified cyanobacterial inhibitors of Daphnia
trypsins. Another microcystin-free strain is Microcystis sp. BM25
(Schwarzenberger et al. 2013b), which contains the three pro-
tease inhibitors micropeptins DR1056, DR1006, and MM978
(Schwarzenberger et al. 2010). These protease inhibitors are
depsipeptides that inhibit digestive proteases in the gut of
Daphnia, which is also known to result in reduced somatic
growth and population growth rate, decreased ingestion
rates and increased mortality of Daphnia (Lürling 2003;
Schwarzenberger et al. 2010).

From the perspective of water management an increased bio-
mass of Daphnia constitutes a means to suppress cyanobacterial
blooms (Wright and Shapiro 1984; Leibold 1989). However, it is
controversial in how far Daphnia are able to suppress
cyanobacterial blooms. Several studies demonstrated that bloom
forming cyanobacteria have a negative impact on the abundance
of Daphnia (Threlkeld 1979; Hansson et al. 2007) and that they
cannot be controlled by grazing zooplankton (Ghadouani
et al. 2003). These results are in contrast to other studies that
depict that in particular Daphnia plays an important role in con-
trolling the development of bloom forming cyanobacteria:
Chislock et al. (2013) demonstrated, that Daphnia pulicaria was
able to decimate a phytoplankton community consisting of 96%
microcystin-producing Microcystis sp. and Anabena sp. by over
70%. In line with this, Sarnelle (2007) depicted that D. pulicaria
were able to suppress an already developed cyanobacterial bloom
consisting of 90% toxic M. aeruginosa. These partly contradictory
results may be explained by the finding that Daphnia coexisting
with cyanobacteria can evolve increased tolerance to toxic cya-
nobacteria both in time (Hairston et al. 1999; Isanta-Navarro
et al. 2021) and space (Sarnelle and Wilson 2005; Wojtal-
Frankiewicz et al. 2013; Schwarzenberger et al. 2017) the latter
resulting in local adaptation. From the perspective of lake man-
agement, the identification of Daphnia with elevated tolerance
to protease inhibitor-producing cyanobacteria would be of high
interest, as these Daphnia could possibly be used as a tool to sup-
press and control protease inhibitor-containing cyanobacterial
blooms. However, as even single cyanobacterial strains may con-
tain more than one bioactive secondary metabolite, it is unclear
which of these cyanobacterial metabolites has become more tol-
erated in locally adapted Daphnia. Recently evidences for locus-
specific positive selection underlying evolutionary adaptation of
a Swedish Daphnia magna population to cyanobacterial protease
inhibitors have been presented (Schwarzenberger et al. 2020).

Despite these strong molecular evidences for positive selec-
tion due to cyanobacterial protease inhibitors in the Swedish

D. magna population, evidence for local adaptation of the
Swedish population is confined to two approaches: (1) effects
of cyanobacterial extracts on proteases in body homogenates
of D. magna clones (Schwarzenberger et al. 2013a, 2017) and
(2) effects of cyanobacterial strains on somatic growth and
clutch size of various single D. magna clones from this experi-
enced population (Schwarzenberger et al. 2021). However, it
still remains to be tested if this local adaptation can be dem-
onstrated on the level of fitness of various single D. magna
clones and if these evidences for local adaptation can be con-
firmed in multiclonal experiments.

It has been demonstrated in recent studies that the out-
come of single-clone experiments does not necessarily predict
the outcome of multiclonal experiments (Weider et al. 2008;
Drug�a et al. 2016). In this study, we performed multiclonal
microcosm experiments with an experienced Swedish and
with a naïve Polish experimental Daphnia population in the
presence and absence of a protease inhibitor-producing cyano-
bacterium that had been isolated from the environment of the
experienced Daphnia population to determine the fitness of the
experienced Daphnia population, which has undergone positive
selection. We used microsatellite analyses to track changes in
genotype frequencies over a time period of 51 d in order to
allow for several rounds of reproduction thereby assessing
effects of the dietary cyanobacterium on Daphnia fitness.

Methods
Organisms and cultivation

The green alga Chlamydomonas klinobasis (strain 56, culture
collection of the Limnological Institute, University of Konstanz,
Konstanz, Germany) was cultivated semi-continuously in
cyanophycean medium (von Elert and Jüttner 1997) at 20�C at
130 μE m�2 s�1, with 20% of the medium exchanged daily. The
cyanobacterium Microcystis sp. strain BM25 (kindly provided by
Ineke van Gremberghe, Ghent University, Ghent, Belgium) orig-
inates from Lake Bysjön in Southern Skania, Sweden. Strain
BM25 has been shown to inhibit D. magna chymotrypsins, but
not trypsins, in vitro (Schwarzenberger et al. 2013a) and does
not contain microcystins (Schwarzenberger et al. 2013b). The
cyanobacterium M. aeruginosa NIVA Cya 43 (culture collection
of the Norwegian Institute for Water Research) does not
produce microcystins, but the two protease inhibitors cyano-
peptolin 954 and nostopeptin 920 (von Elert et al. 2005). Both
cyanobacteria were cultivated in chemostats on cyanophycean
medium (von Elert and Jüttner 1997) with a light intensity
of 50 μE m�2 s�1, at a temperature of 20�C and constant air sup-
ply and a dilution rate of 0.1 d�1. The concentration of particu-
lar organic carbon (POC) in the food suspensions was estimated
regularly by measuring the extinction of the cultures at 470 nm.
Carbon concentrations were calculated by a previously deter-
mined food-specific calibration curve to estimate the req-
uired volume of the food suspension for Daphnia growth
experiments.
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The D. magna clones used in this study (Table 1) were iso-
lated from Lake Bysjön, Sweden from May to July 2010
(Schwarzenberger et al. 2013a) and in August 2010 from a Pol-
ish pond near Warsaw and cultivated in the lab for 9 yr prior
to the experiments. The Swedish population experienced fre-
quently cyanobacterial blooms whereas the Polish population
did not (Schwarzenberger et al. 2017). For regular cultivation,
15 Daphnia originating from one clutch of a single mother
were cultured in 800 mL membrane-filtered aged tap water, at
19�C, at low light conditions with a day and night rhythm of
16 : 8 h. Every second day all animals were transferred into
freshwater and fed with 2 mg POC L�1 of C. klinobasis as food
alga. Third clutch neonates of one mother were kept for con-
stant culture extension.

Growth experiments with single Swedish and Polish
D. magna clones

Each D. magna clone (Table 1) of either population was
exposed to either Microcystis strain NIVA or strain BM25 in
separate single-clone growth experiments. Each clone was
grown in 0% (control), 10%, or 20% of POC derived from
NIVA or BM25 and 100%, 90%, or 80% POC from
C. klinobasis, respectively. All experiments were performed at
low light, 19�C, 16 : 8 D : N rhythm and a total food concen-
tration was 2 mg POC L�1. For the exposure, newborns from
the 3rd and 4th clutch from a cohort of synchronized D. magna
mothers were used. They were randomly distributed at
5 ind/glass into 250 mL aged tap water containing the five
food treatments with each food treatment being run in tripli-
cate. The experimental animals were transferred every second
day into freshwater and food until the first clutch of the test
animals hatched. The number of hatched neonates and the
number of females which had released them were counted to
calculate the population growth rate r (Eq. 1).

r¼
X

lx�mx� e�rx: ð1Þ

Euler–Lotka equation for the calculation of the population
growth rate r (d�1). lx is age-specific survivorship, mx is num-
ber of neonates at day x, x is age in days.

Mean and standard deviation of the population growth
rates were calculated for each clone. In order to illustrate the
effect of 20% BM25 on the population growth rate r of each
clone, tolerance was calculated as the difference between r on
the BM25 treatment and r on control food normalized to r on
control food (Eq. 2).

tolerance %ð Þ¼ rmean treatð Þ � rmean ctrlð Þ
rmean ctrlð Þ

� �
�100, ð2Þ

Tolerance (%): rmean(treat) is average population growth rate of
the clone in the BM25 treatment, rmean(ctrl) is average popula-
tion growth rate of the clone in the control treatment
(Brzezi�nski and von Elert 2007).

The single-clone growth experiments could not all be per-
formed at the same time but were performed in four different
blocks. To account for possible changes in conditions across
experiments, the clone M17 was included in all four blocks of
these single-clone growth experiments as a reference clone.
Populations growth rates of M17 neither differed under con-
trol conditions (100% green alga, one-way ANOVA, F = 0.608,
p > 0.05) nor in food mixtures with 10% of the cyanobacte-
rium strain BM25 (one-way ANOVA, F = 3.263, p > 0.05) nor
with 20% of BM25 (one-way ANOVA, F = 0.434, p > 0.05)
across the four experimental blocks (Table S2). The treatments
10% and 20% of the cyanobacterium NIVA were performed in
block 3 and 4 only, and the respective population growth
rates of M17 for these treatments were neither statistically dis-
tinguishable (Welch’s t-test, for 10% NIVA: t = �0.235,
p > 0.05; for 20% NIVA: t = �0.676, p > 0.05). We conclude
that for neither food treatment block effects were detectable,
and we hence assumed the absence of block effects with
respect to food quality. This assumption is corroborated by a
principal component analysis of population growth rates of
all clones across all treatments in which no separation of data
according to experimental blocks was visible (Fig. S1).

Hence, data from all experimental blocks were pooled. To
compare the effect of both cyanobacterial strains on the
growth rates of the two Daphnia populations, for each clone a
mean population growth rate r on the control, the 10% and
20% BM25 treatment was calculated. These mean values
(n = 7) from either population were used to test for statistical
differences among the Swedish and the Polish Daphnia popu-
lation. Statistical differences were calculated with an ANOVA
and post hoc test (Tukey’s HSD) after testing for normal distri-
bution (Shapiro–Wilk test) and homogeneity of the data
(Levene’s test).

Multiclonal microcosm experiment
A microcosm experiment with Swedish and Polish clones

was conducted in the presence and absence of 20% Microcystis
sp. BM25 in the diet. In the control treatment the feeding sus-
pension consisted of 100% C. klinobasis, while the BM25 treat-
ment consisted of 80% C. klinobasis and 20% BM25 with a

Table 1. List of Daphnia magna clones used for the growth
experiments according to Schwarzenberger et al. (2017).

D. magna clones
Sampling

year
Origin; geographical

coordinates

Mai7/M7, Mai17/M17,

Mai20/M20, Mai24/

M24, Jun6/J6, Jun17/J17,

Jul8/J8

2010 Lake Bysjön, Sweden; lat

55.675448, lon

13.545070

P2, P4, P12, P13, P21, P27,

P31

2010 Pond near Warsaw; lat

52.322722, lon

20.730515
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total food concentration of 2 mg POC L�1. These two treat-
ments were conducted with five replicates each. The experi-
ment was performed in 10 L buckets filled with 5 L water and
feeding suspension. Within each replicate three Swedish (M7,
M17, M24) and three Polish (P4, P27, P31) D. magna clones
were inoculated together. In order to prevent a clone-
depended bias of the results, M7 and P4 were chosen as low
performing clones, M17 and P31 as moderately performing
clones and M24 and P27 as good performing clones in the
presence of 20% BM25, based on the single-clone experi-
ments. All replicates were inoculated with four neonates per
clone (initial relative abundance of each clone 16.7% in each
replicate). Once a week, the water of each replicate was rep-
laced by new aged tap water. The replicates were fed with
2 mg POC L�1 every other day and it was assured that the
food concentration never fell below 0.4 mg POC L�1 within a
replicate in order to exclude quantitative food limitation. The
experiment took place at 19�C and low light conditions with a
day and night rhythm of 16 : 8. Based on developmental
times observed in the single-clone experiments and to make
sure that at least a first generation of each clone had hatched,
the first sampling was performed on day 16. The population
within a replicate was thoroughly mixed before sampling and
10% of the total volume, that is, 500 mL were removed from
the bucket and the Daphnia within these 500 mL were coun-
ted and collected in PCR tubes (two animals per tube). If the
overall population within a bucket exceeded a number of
250 animals in total, the population was reduced to 250 ani-
mals, to avoid crowding effects. The experiment was stopped
after 51 d. To analyze the abundances of the clones over the
timespan of 7 weeks, the relative abundances of the clones
were determined at day 16, 37, and 51.

Microsatellite analysis
The animals in the PCR tubes were frozen and stored

(�20�C) until DNA extraction. For DNA extraction the ani-
mals were squished with a pipette tip in 15 μL squish buffer,
containing 10 mmol L�1 Tris pH 8.0, 1 mmol L�1 EDTA pH
8.0, and 24 mmol L�1 NaCl. The squished Daphnia were lysed
with 5 μL proteinase K (20 mg mL�1, VWR International
Radnor) and incubated at 37�C for 30 min with a termination
step at 95�C for 3 min. Subsequently, the samples were centri-
fuged for 5 min at 13,000 rpm to clear the supernatant, which
contained the DNA for the multiplex PCR. The QIAGEN
Multiplex PCR Kit 1000 (Qiagen GmbH) was used according
to the manual and (Brede et al. 2006) with the following
primers (Table 2) and PCR reaction: An initial temperature
step of 95�C for 15 min was followed by 40 cycles of 30 s at
94�C and 90 s at 56�C (primer temperature) and extension for
90 s at 72�C, and a final step at 95�C for 10 min. The multi-
plex PCR products were diluted 1 : 150 and analyzed at the
Cologne Center of Genomics with a fluorescence-based-DNA-
electrophorese-analysis (GeneScan 500 ROX dye Size Standard,
Thermo Fisher Scientific).

The resulting electropherograms were analyzed with the
software Geneious (Version 6.1.8, Biomatters Ltd). Multiplex
primers were used as according to Brede et al. (2006), and
within the loci (Table S1) the alleles of the six D. magna clones
were determined by calling the peaks and setting bins,
according to the user manual of the microsatellite plugin of
Geneious. In prior experiments it had been possible to distin-
guish the six clones of the multiclonal microcosm samples via
this analytical procedure. The resulting data were then ana-
lyzed with Microsoft Excel (Version 2016) and subsequently
with R (Version 3.6.1). First, relative abundances of each clone
and each replicate were calculated. Second, means and stan-
dard deviations were determined. The data of at all three time
points passed the normality test and the equal variance test
(p > 0.05). Thereafter, a repeated measures three-way ANOVA
was performed with the factors “population,” “treatment,” and
the repeated factor “day.” Pairwise comparisons were run
between the two Daphnia populations for “day” (days 16, 37,
51) and the two treatments (control food and 20% BM25)
with subsequent Bonferroni adjustment.

Statistical analyses
Statistical analyses were conducted in R (version 3.5.3, R

Core Team 2019) and RStudio (version 1.2.5033, RStudio
Team 2019). We tested for normal distribution of the data
using a Shapiro–Wilk test and used a Levene’s test to test for
homogeneity of variance.

Results
For each of the seven clones from the Swedish or Polish

D. magnas (Table 1) population growth rates were determined
on pure C. klinobasis and on mixtures of C. klinobasis with
10% or 20% of Microcystis strain NIVA or strain BM25. The
population growth rates r for the Swedish and the Polish pop-
ulation represent means calculated from the single clonal
means (n = 7) (Fig. 1). Interestingly, the presence of strain
NIVA did not affect r of either the Swedish or the Polish popu-
lation (Fig. 1a), whereas a significant interaction of population
and strain BM25, a cyanobacterium that originated from the
same lake as the Swedish D. magna clones, was observed: The
20% BM25 treatment negatively affected the Polish popula-
tion growth rate compared to the control (Fig. 1b), whereas
the Swedish population was not affected by BM25. In the pres-
ence of 20% BM25, the Polish population growth rate r was
significantly lower than that of the Swedish population
(Fig. 1b, Tukey HSD after two-way ANOVA, p < 0.05;
Table S3). In conclusion, effects of NIVA did not differ among
the Daphnia populations, whereas effects of BM25 on the pop-
ulation growth rate were affected by the population origin
such that 20% BM25 had no effect on the Swedish population
but significantly reduced r in the Polish population.

In single-clone experiments we determined the tolerance to
either strain BM25 or strain NIVA. Within the Swedish and
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Table 2. Multiplex primers used for the multiplex PCR. Tm: annealing temperature (�C). AN: NCBI accession number. F: forward
primer. R: reverse primer. Dye label was used to label the forward primers (Brede et al. 2006).

Locus AN Size range (bp) Primers (50–30) Dye label Tm (�C)

B045 HQ234168 118–126 F: GCTCATCATCCCTCTGCTTC

R: ATAGTTTCAGCAACGCGTCA

FAM 56.0

B074 HQ234174 194–204 F: TCTTTCAGCGCACAATGAAT

R: TGTGTTCCTTGTCAACTGTCG

FAM 56.0

B050 HQ234170 234–248 F: TTTCAAAAATCGCTCCCATC

R: TATGGCGTGGAATGTTTCAG

HEX 56.0

Fig. 1. Population growth rates of Swedish and Polish Daphnia magna clones exposed to different Microcystis strains. Population growth rates represent
means of clonal means determined for each clone individually. (a) Both populations were fed with the green alga Chlamydomonas klinobasis and either
0% (ctrl), 10% or 20% of Microcystis aeruginosa NIVA Cya43 and (b) both populations were fed with the green alga C. klinobasis and either 0% (ctrl),
10% or 20% of Microcystis sp. BM25. Shown are means � SD (n = 7) for each population. Tukey’s HSD post hoc test after two-way ANOVA for A or B,
p < 0.05. Letters indicate statistical differences between treatments within both populations.

Fig. 2. Tolerance of the Swedish and the Polish population of Daphnia magna clones to Microcystis sp. BM25: (a) Swedish clones Mai7, Mai17, Mai20,
Mai24, Jun6, Jun17, Jul8 and (b) Polish clones P2, P4, P12, P13, P21, P27, P31. Clones were grown on pure Chlamydomonas klinobasis (“control”) and on
a mixture of 20% Microcystis sp. BM25 + 80% C. klinobasis (“20% BM25”). For each clone tolerance was calculated as the difference between population
growth on 20% BM25 and population growth on the control. Positive values indicate increased, negative values indicate decreased growth on 20%
BM25. Shown are means � SD (n = 3) for each clone. Letters indicate differences between clones within the same population (Tukey’s HSD post hoc test
after one-way ANOVA p < 0.05).

Lange et al. Population specific adaptation to cyanotoxins

518



within the Polish D. magna population clones differed signifi-
cantly in tolerance to 20% of strain NIVA (Fig. S2; Table S5),
although tolerance was not distinguishable on the population
level (Fig. 1). With respect to 20% strain BM25, significant
clonal differences were apparent in both the Swedish and the
Polish population (Fig. 2) with an overall reduced tolerance of
all Polish population (Table S8). Three clones of each popula-
tion were chosen for high, medium and low tolerance to
strain BM25 to ensure a balanced population for the subse-
quent multiclonal experiment with 20% BM25. Clone Mai24
was significantly more tolerant to BM25 than the other tested
clones (Fig. 2a; Tukey HSD after one-way ANOVA, p < 0.05;
Table S4). Differences in tolerance were as well visible between
the Polish clones. Here, P13, P12, and P27 were significantly
more tolerant to BM25 and performed the best (Fig. 2b; Tukey

HSD after one-way ANOVA, p < 0.05; Table S4). Therefore, for
the Swedish population Mai24 was chosen as high performing,
Mai17 as medium and Mai7 as low permforming clone, and for
the Polish population clone P27 represented a high performing
clone, followed by P31 as medium and P4 as low perfoming
clone. When considering population growth rates of these
clones, the Swedish population, consisting of clones M7, M17,
and M24, showed a significantly lower population growth rate
r than the Polish population (clones P4, P27, and P31) under
control conditions. This pattern was reversed when 20% BM25
was present, thus the Polish population was significantly less
tolerant against the cyanobacterium (Fig. S3).

In a subsequent microcosm experiment four synchronized
neonates of each of these chosen Swedish and Polish clones
were used to examine their performance within a mixed popu-
lation with and without Microcystis sp. BM25 over a period of
51 d. Microsatellite analyses were conducted with samples
from day 16, day 37, and day 51. Ten percent of the popula-
tion was sampled and analyzed to determine the abundance
of the Swedish and Polish D. magna clones (Fig. 3). A repeated
measures three-way ANOVA showed significant interaction of
the factors population, day and treatment (F(2,8) = 11.985,
p = 0.004) and of the factor population, F(1,4) = 146.429,
p = 0.000268. Subsequently pairwise comparisons were run
between the two Daphnia populations for “Day: 16, 37, 51”
and the two treatments control and 20% BM25 with subse-
quent Bonferroni adjustment. The abundances of the experi-
mental Swedish and Polish population were significantly
different in the control treatment on day 16 and 37 (p < 0.05)

Fig. 3. Abundances over time of Daphnia magna from the Swedish and
Polish population during the microcosm experiment. Clones were distin-
guished by microsatellite analyses and pooled according to their popula-
tion. Clones were tested in mixture with equal number of individuals in
the beginning and exposed to two treatments: “Control”: 100%
Chlamydomonas klinobasis and “20%; BM25”: 20% Microcystis sp. BM25
+ 80% C. klinobasis. Shown are mean � SE (n = 5) for all time points.
Pairwise comparison after repeated measures three-way ANOVA,
***p < 0.001; **p < 0.01; *p < 0.05.

Table 3. Results of pairwise comparison after repeated measures
three-way ANOVA for the microcosm experiment. The data were
grouped by “day” and “treatment”, and pairwise comparisons
were performed between the two Daphnia “populations” (n = 5)
with Bonferroni adjustment. The treatments consisted of the pure
green alga Chlamydomonas klinobasis (“control”) or a mixture of
80% C. klinobasis with 20% Microcystis aeruginosa BM25
(“BM25”).

Day Treatment Population
p Value

(adjusted) Significance

16 BM25 Sweden,

Poland

0.055 n.s.

16 Ctrl Sweden,

Poland

0.001 **

37 BM25 Sweden,

Poland

0.009 **

37 Ctrl Sweden,

Poland

0.002 **

51 BM25 Sweden,

Poland

0.001 **

51 Ctrl Sweden,

Poland

0.577 n.s.
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but not 51 (p > 0.05), whereas there was a significant difference
between the two populations on days 37 and 51 (p < 0.05) in
the 20% BM25 treatment (Table 3). In the control treatment
the abundacne of the Polish population increased toward the
end of the experiment (day 51) while that of the Swedish popu-
lation decreased, so that the abundance of both populations
was not different. This pattern differed from that in the BM25
treatment where the Swedish population dominated the com-
munity in the latter part of the experiment (Fig. 3; Table 3).
Especially clone Mai24 was fairly abundant in both treatments
(Fig. 4, for further details see Fig. S4), corroborating its high
tolerance to BM25 in the single-clone experiments. In accor-
dance with its relatively high tolerance to BM25 in the
single-clone experiments, the Polish clone P27 had a higher
abundance (35% of the population) than the two other Polish
clones (P4: 11%, P31: 10%) in the BM25 treatment on day 51.
The supposed disappearance of clones and their subsequent
reappearance can be attributed to the low relative abundance of
these clones which may lead to accidental absence in the sub-
samples taken for determination of clonal abundances. The
strain Microcystis sp. BM25 originates from the same lake as the
Swedish D. magna population. Hence, our results show that the
experimental Swedish population had a higher fitness in the
presence of Microcystis sp. BM25 but could not obtain domi-
nance over the experimental Polish population under control
conditions over time. The long-term dominance of the Swedish
population in the presence of a cyanobacterium with the same
origin indicates local adaptation to this cyanobacterial strain.

Discussion
Our results demonstrate local adaptation of a Swedish

D. magna population to a Microcystis strain isolated from the

same location and dominance over a naïve Daphnia popula-
tion in the presence of this specific Microcystis strain. We
showed that the fitness of the Swedish population was not
negatively affected by Microcystis sp. BM25 whereas the Polish
population was, when 20% BM25 was present in the diet. This
finding points at local adaptation of the Swedish population
to a co-occurring cyanobacterium as it has been suggested in
previous studies (Schwarzenberger et al. 2017, 2020, 2021).
Such adaptations of Daphnia originating from lakes with
annual exposure to toxic cyanobacteria are often assigned to
microevolution (Hairston et al. 1999; Sarnelle 2007). Here, we
used the two M. aeruginosa strains NIVA Cya43 and BM25.
Neither cyanobacterial strain produces microcystins, and both
produce inhibitors of Daphnia digestive proteases, which have
been shown to be inhibitors of digestive chymotrypsins. How-
ever, the strains synthesize chemically different inhibitors:
The strain NIVA Cya43 produces two inhibitory
cyanopeptolines (von Elert et al. 2005), whereas strain BM25,
which was isolated from the Swedish lake, produces three
inhibitory micropeptins (Schwarzenberger et al. 2013b). Sec-
ondary metabolites in M. aeruginosa strain BM25 and strain
NIVA have only been characterized with respect to known
protease inhibitors (von Elert et al. 2005; Schwarzenberger
et al. 2013b). As single cyanobacterial strains may synthesize
several classes of bioactive secondary metabolites (Gademann
and Portmann 2008; Huang and Zimba 2019; Janssen 2019),
we cannot rule out the possibility that the higher fitness of
the Swedish D. magna population in the presence of BM25 is
caused by substances other than protease inhibitors in BM25.
However, due to the detailed investigation of Daphnia’s
response to BM25 ranging from seasonal succession of Daph-
nia genotypes (Schwarzenberger et al. 2013a) over effects on
growth and reproduction (Schwarzenberger et al. 2021) of

Fig. 4. Community composition (relative abundances in %) of Daphnia magna clones Mai7, Mai17, Mai24, P4, P27, and P31 in a microcosm experi-
ment over a duration of 51 d. Clones were inoculated at identical relative abundances (16.4%) and exposed to a control (100% Chlamydomonas
klinobasis) and a BM25 treatment (20% Microcystis sp. BM25 + 80% C. klinobasis). Shown are mean values (n = 5) for all time points.
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varying inhibitor content (Schwarzenberger et al. 2013b) and
sensitivity of gut proteases to protease gene copy numbers
(Schwarzenberger et al. 2017) and evidence for site-specific
selection on protease alleles (Schwarzenberger et al. 2020), we
are confident that the observed higher fitness of the Swedish
D. magna population may be attributed to the protease inhibi-
tors present in strain BM25.

We as well observed an intra-population variance among of
the Daphnia clones to the two cyanobacterial strains as
Schwarzenberger et al. (2021) reported previously. The idea
that this variance within the Swedish D. magna population
results from a strong punctual selection caused by the seasonal
occurrence of cyanobacterial blooms could not be supported:
Although a strong bloom of protease inhibitor-containing cya-
nobacteria occurred in May in the Swedish lake, no difference
in tolerance, measured as IC50 values, to inhibition by natural
lake seston from May was found between the clones from
before and after the bloom (Schwarzenberger et al. 2013a),
which corroborates findings obtained for a hypertrophic pond
(Küster et al. 2013). However, in another case study, increas-
ing tolerance to cyanobacteria over the season has been dem-
onstrated in a Daphnia population (Schaffner et al. 2019).

It has been shown repeatedly that single-clone experiments
cannot predict the outcome of complex multiclonal competi-
tion experiments (Weider et al. 2008; Drug�a et al. 2016). Thus,
it was necessary to test both populations in a microcosm exper-
iment in order to verify the results of the single-clone experi-
ments in a community context. Similar to other multiclonal
experiments, in which population dynamic effects were
reported after 30–50 d (Engel and Tollrian 2009; Jeyasingh
et al. 2009), our experiment lasted 51 d. The Swedish clones
dominated the community in the 20% BM25 treatment over
the second half of the experimental time, but were not domi-
nating in the control treatment after 51 d. This demonstrates
that under non-blooming conditions the Swedish clones do
not show higher fitness over a long period.

Chymotrypsin and trypsin, which belong to the S1 family
of serine proteases, are the most important digestive enzymes
in the gut of D. magna as they account for 80% of the whole
proteolytic activity (von Elert et al. 2004). More than 20 prote-
ase inhibitors, which specifically inhibit chymotrypsins and
trypsins, have been found in different marine and freshwater
cyanobacteria (Gademann and Portmann 2008; Köcher
et al. 2020). Protease inhibitor-producing cyanobacteria have a
negative impact on Daphnia and thus on the aquatic ecosys-
tem (Baumann and Jüttner 2008). Schwarzenberger et al.
(2020) showed that the digestive proteases in D. magna of the
Swedish population have undergone positive selection on the
loci of the serine proteases CT448 and CT802. Especially,
CT448 harbors a non-synonymous mutation in the Swedish
clones, which might have altered the protein structure such
that it resulted in higher tolerance to protease inhibitors,
which in turn would require lower expression levels of CT448
to obtain the same protease activity in the presence of

protease inhibitors. Given that this assumption is correct, it
provides an explanation for the finding that increased toler-
ance to protease inhibitors in the Swedish population is asso-
ciated with lower copy numbers of the CT448 that harbors
this non-synonymous mutation (Schwarzenberger et al. 2017).
Although elevated tolerance to protease inhibitors still
remains to be shown for CT448 itself, gut homogenate of the
Swedish Daphnia population proved to be more tolerant to
natural protease inhibitors (based on IC50 values) than the
Polish Daphnia population (Schwarzenberger et al. 2017). The
most abundant clones in our microcosm experiment (clones
M24 and M7) have low copy numbers of CT448 (M24; two
copies; M7: two copies; M17: three copies; P27: three copies;
P4: three copies; P31: four copies) whereas the copy numbers
of the other serine proteases CT383 and CT802 did not differ
between the populations (Schwarzenberger et al. 2020). This
suggests that a low copy number of CT448 might result in a
reduced susceptibility against protease inhibitors likewise in
the most dominant Swedish clones in our experiment.

Further studies have shown that CT448 is upregulated
when cyanobacteria with protease inhibitors are present in
the diet. Drug�a et al. (2016) conducted a competition experi-
ment with D. galeata in which CT448 was by far the most
upregulated gene of all tested candidates when M. aeruginosa
was present. Although Drug�a et al. (2016) could not correlate
the tolerance of the single clones with an upregulation of this
gene, they suggested that CT448 strongly reacts to food qual-
ity changes. Still, we suspect that CT448 might play an impor-
tant role in the tolerance to cyanobacteria and in local
adaptation. Here we have compared two D. magna populations
in the presence of 20% of a cyanobacterium that does not form
colonies in a mixture with a high-quality food alga with the
aim to limit dietary effects on Daphnia exclusively to the sec-
ondary metabolites of the Microcystis strains. This experimental
setting may not reflect the environmental scenario during
cyanobacterial mass developments which may be characterized
by the occurrence of filamentous and colonial cyanobacteria
comprising considerably higher shares of phytoplankton, in
particular during cyanobacterial mass developments. With
respect to the control of cyanobacterial blooms, Daphnia
biomass has been shown to be important for food chain
manipulation in terms of lake management (Leibold 1989;
Carmichael et al. 2001; Codd et al. 2005; Sarnelle 2007).
However, the degree of suppression of cyanobacterial blooms
is largely dependent on the initial conditions, that is, the rela-
tive abundances of cyanobacteria and Daphnia in a complex
way (Sarnelle 2007; for more details see reviews by Ger
et al. 2016) and Moustaka-Gouni and Sommer (2020).
Although progress has been made with respect to under-
standing the molecular basis of local adaptation of Daphnia
to protease inhibitors in cyanobacteria (Schwarzenberger
et al. 2020), the significance of these findings with respect to
the control of cyanobacteria by Daphnia has yet to be deter-
mined. Here, we have demonstrated superiority of the adapted

Lange et al. Population specific adaptation to cyanotoxins

521



Swedish D. magna population in the presence of 20% of
cyanobacteria, which rather mimics prebloom conditions.

In this context, it has to be noted that the protease inhibi-
tor content of a cyanobacterial strain may vary. As shown for
strain NIVA Cya 43 (Burberg et al. 2019, 2020),
Schwarzenberger et al. (2013b) demonstrated that the protease
inhibitor content of M. aeruginosa strain BM25 was strongly
affected by available nutrient ratios. In accordance with the
carbon-nutrient-balance hypothesis (van de Waal et al. 2014)
the content of the N-containing protease inhibitors in BM25
decreased under N-limitation (C : N = 13) and increased under
P-limitation (C : P = 234).

In the few cases in which adaptation of Daphnia
populations to cyanobacteria has been demonstrated in time
and space, evidence for adaptation is based on effects of
dietary cyanobacteria on somatic growth rate (and partly
on clutch size) in experiments with individual Daphnia geno-
types (Hairston et al. 1999; Sarnelle and Wilson 2005;
Schwarzenberger et al. 2017, 2020). However, somatic growth
rate is not a good predictor of fitness in case of xenobiotic
stressor, which include toxic cyanobacteria (Trubetskova and
Lampert 2002). Here, for the first time we used increased fit-
ness as a proxy for adaptation of populations, here and show
local adaptation to cyanobacteria of the Swedish D. magna
population, which represents the only case in which the
molecular basis of local adaptation of Daphnia to cyano-
bacteria has been understood (Schwarzenberger et al. 2017,
2020). By calculating FST values in neutral loci (micro-
satellites, exon sequences of selected single copy genes),
Schwarzenberger et al. (2020) found evidences for genetic iso-
lation of the Swedish and the Polish D. magna populations.
Furthermore, these two populations were genetically more dis-
tant in three protease loci (three chymotrypsin genes) than in
the neutral loci, which suggested that the evolution of these
protease genes has been driven by adaptive selection by
cyanobacterial protease inhibitors present in the Swedish lake.
This suggestion was further confirmed by population genetic
tests applied to the tolerant Swedish D. magna population
(Schwarzenberger et al. 2020).

Here, we determined population growth rates as a proxy for
fitness of individual Daphnia genotypes and corroborate the
evidence for local adaptation of this Swedish D. magna popu-
lation to cyanobacteria. In a microcosm experiment with the
absence/presence of a local Swedish cyanobacterium we dem-
onstrate that the presence of cyanobacteria impacts the
genetic composition of Daphnia and show that the Swedish
D. magna population is capable of dominating a mixed popu-
lation over a long period in the presence of cyanobacteria.
Under control conditions this fitness advantage disappears,
but there is no evidence that the Swedish D. magna
population underperforms relative to the Polish population.
Hence, we cannot provide evidences for a cost associated
with higher tolerance to M. aeruginosa strain BM25, so that
there is no evidence for local adaptation in the strict

definition given by Kawecki and Ebert (2004); still the higher
fitness of the Swedish D. magna population in the presence of
the cyanobacterium and evidences for adaptive selection on
the chymotrypsin loci in this D. magna population
(Schwarzenberger et al. 2020) point at local adaptation to co-
occurring cyanobacterial protease inhibitors.

Data availability statement
Research data are not shared.
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