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Abstract
1. The positive effect of global warming on the growth of cyanobacteria has been 

widely predicted, but long- term studies targeting their adaptive potential to 
higher temperature have not been carried out so far. Predicting the magnitude 
and impact of cyanobacterial blooms in the future as a response to global warm-
ing requires an understanding of how cyanobacteria might change in the long 
term due to climate change.

2. Here we examined the effect of exposing three Microcystis aeruginosa strains 
isolated in Romania to ambient (22°C) and high (26°C) temperature for 6 months. 
Then, the competitive ability of the strains after heat acclimation was evaluated, 
by analysing their impact on plankton community composition.

3. One of the three strains displayed significantly higher growth rates after 6 
months of cultivation at higher temperatures. Following inoculation into a nat-
ural plankton community, the overall cyanobacterial abundance significantly 
increased in the cultures inoculated with this heat- acclimated strain of M. aerugi-
nosa as compared to the ambient- acclimated version. The structure of eukaryotic 
communities was impacted by both inoculated cyanobacteria and temperature 
during the experiments.

4. The results of this study emphasise the high potential of cyanobacteria to re-
spond to stressors, and highlight the fact that previous acclimation to warming 
is a critical factor in shaping the overall structure of plankton communities.

5. Our study strongly advocates for including a step of culture acclimation to fu-
ture experimental conditions in research programmes aiming to better under-
stand the long- term impact of climate change on aquatic ecosystems.
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1  |  INTRODUCTION

Freshwater ecosystems are amongst the most biologically diverse 
on Earth, and they provide irreplaceable services for both nature 
and human society (Hoekstra & Mekonnen, 2012). However, these 
ecosystems are increasingly threatened by many human activities, 
including water pollution, climate change, habitat alteration, and 
expansion of agricultural and urban landscapes (Albert et al., 2020; 
Dudgeon, 2019). As a result, freshwater biodiversity continues to 
decline at an alarming rate (Collen et al., 2014). One of the most 
recognisable signs of freshwater degradation in recent decades 
is represented by the severe overgrowth of cyanobacteria as well 
as their increasingly frequent blooms (Huisman et al., 2018; Wells 
et al., 2015).

Analysis of sediment cores from over 100 lakes in North 
America, Europe, and Asia has shown that cyanobacterial harmful 
algal blooms (CyanoHABs) have increased considerably over the last 
century and that this increase has accelerated in the last 50 years 
(Monchamp et al., 2018; Taranu et al., 2015; Yan et al., 2019). Even 
though in some cases nutrient loading (especially phosphorus) con-
trol has temporarily led to a decrease in bloom occurrence in the 
1970s and 1980s, continuous global warming during the last 10– 
15 years has again accelerated this phenomenon (Duan et al., 2009; 
Guo, 2007; Michalak et al., 2013). An increasingly higher number of 
CyanoHABs has been reported in recent years in both freshwater 
and marine environments, some of them occurring at unusual high 
latitudes (Kahru & Elmgren, 2014; Spatharis et al., 2012). Considering 
ongoing climate change, this trend is likely to continue in the coming 
decades (Ullah et al., 2018; Visser et al., 2016). Compared to other 
phytoplankton groups, cyanobacteria are known to be positively 
influenced by higher temperatures concerning metabolism, growth, 
survival, reproduction, and consequently general competitiveness. 
As a result, the latest studies indicate that warming and other fac-
tors (e.g. eutrophication, increasing carbon dioxide levels) are likely 
to enhance the frequency, duration, and intensity of CyanoHABs in 
many aquatic ecosystems around the world (Huisman et al., 2018; 
Mesquita et al., 2020; Symes & van Ogtrop, 2019). Moreover, theo-
retical modelling analyses have predicted an increase of CyanoHAB 
occurrence towards the end of the century, which might happen on 
the expense of chlorophytes (Chapra et al., 2017; Ji et al., 2017).

The cyanobacterial genus Microcystis includes species known 
for being strong competitors of chlorophytes and brown groups of 
algae (diatoms, dinoflagellates, etc.) for light in eutrophic lakes, espe-
cially in connection with elevated temperatures (Drugă et al., 2019; 
Jöhnk et al., 2008). By contrast, mesocosm tests have indicated that 
lower nutrient concentrations might alleviate the otherwise positive 
effect of climate change on cyanobacteria proliferation (Cabrerizo 
et al., 2020). However, the vast majority of the studies done so far 
were based on short- term small- scale laboratory experiments, which 
do not account for the potential of cyanobacteria to long- term ac-
climate under tested conditions (Ji et al., 2017; Soares et al., 2013). 
Because of this, models that predict changes in aquatic ecosystem 
composition and function are limited by the lack of understanding 

of the physiology (and evolution of that physiology) in key phyto-
plankton taxa (Huisman et al., 2018; Litchman et al., 2015; Thomas 
et al., 2012). It is, however, the long- term response of phytoplankton 
to stressors that we need to understand in order to accurately predict 
the impact of future environmental changes on aquatic ecosystems 
(Boyd et al., 2018; Mock et al., 2016; Thomas & Litchman, 2016). 
Long- term experiments provide valuable information to improve 
predictive models, especially if this information is combined with 
data on physiological responses to certain variables such as tem-
perature, nutrient loading, etc. (Burford et al., 2020). Considering 
the threat represented by the potentially increasing occurrence of 
CyanoHABs in the future, which also comes with enormous financial 
costs (Dodds et al., 2009), new knowledge is needed on the ability 
of certain species to adapt to changing conditions. Moreover, this 
should be tested in mesocosm experiments to assess the compet-
itive abilities of the cyanobacterial strains within complex natural 
phytoplankton communities. Upscaling small- volume laboratory ex-
periments to larger mesocosms (including several trophic levels) is 
desirable, as this approach solves some of the shortfalls that come 
from using exclusively laboratory experiments (which allow for only 
snapshot types of investigations, a limited volume of laboratory cul-
tures etc.; Stibor et al., 2019).

Here, we conducted a mesocosm study on the role of acclimation 
of cyanobacteria to higher freshwater temperatures. We have cho-
sen to work with Microcystis aeruginosa, which is known for causing 
some of the most frequent and potentially toxic CyanoHABs in fresh-
waters around the world (Huisman et al., 2018). We tested the im-
pact of 6- month exposure to a higher temperature than the ambient 
on natural planktonic communities from a eutrophic lake also sub-
jected to warming. We hypothesised that: (1) M. aeruginosa strains 
can acclimate to elevated temperatures; and (2) heat- adapted strains 
display a higher competitive ability as compared to ambient- adapted 
strains. It was assumed that strains might respond differently due to 
specific genotypes and/or shared environmental effects.

2  | METHODS

2.1  |  Biological material and growth conditions

The three M. aeruginosa strains (M10, M11, and M12) used in this 
study were isolated during the summer of 2018 from three eutrophic 
freshwater lakes in Romania: Lake Ciuperca (45.18°N 28.79°E), Lake 
Tașaul (44.35°N 28.61°E), and Lake Gorgova (45.15°N 29.18°E). 
The average water temperature of all three lakes during the sum-
mer is 22°C, including natural fluctuations. The strains were then 
deposited as non- axenic cultures in the Collection of Cyanobacteria 
and Algae of the Institute of Biological Research in Cluj- Napoca, 
Romania (Dragoș et al., 1997). Their phylogenetic identity was as-
sessed based on the 16S ribosomal DNA (rDNA) gene that was am-
plified with specific primers (Frank et al., 2008). The PCR fragments 
were sequenced by a third- party company (Macrogen Europe), 
which confirmed that all strains belong to the M. aeruginosa species.
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For this study, in order to allow for long- term acclimation, 
the strains were cultured for 6 months in semi- batch conditions, 
corresponding to c. 50 generations, generation time of 2– 4 days, 
which is similar to natural conditions (Wilson et al., 2006) in ul-
trapure water- based BG11 medium (Allen & Stanier, 1968), under 
controlled 16- hr:8- hr light:dark conditions provided by white LED 
lamps (25 μmol photon m−2 s−1). They were grown at 22°C (sum-
mer mean temperature of lakes of origin) or 26°C, which is the 
predicted increase of temperature by 2100 (IPCC report, 2018). 
Triplicate 100- ml samples were placed in glass tubes (Figure S1), 
each culture being aired daily for 60 min with pre- filtered (0.22 µm; 
Minisart, Sartorius) atmospheric air. This air supply was added to 
avoid cell gathering (which would have caused self- shading of 
cells). It was added for only 60 min per day (instead of continuous 
bubbling), because continuous mixing would have caused a very 
fast (and also less environmentally relevant) growth of the cul-
tures, which would have greatly increased the effort to maintain 
them on the long term. Cultures were transferred to fresh medium 
every 2– 3 weeks.

2.2  | Growth rate measurement

Growth rate (μ) of each culture was measured at the beginning of 
the experiment (day 0) as well as after 2, 4 and 6 months of cultiva-
tion. The growth rate at these time points was measured only at 
22°C (regardless on whether the strains were previously adapted 
at 22°C or 26°C), because, in order to observe whether long- term 
acclimation occurred at 26°C (as compared to 22°C), all cultures 
should be tested in their original environment. More exactly, 
subsamples from all cultures (both evolved at 22 and 26°C) were 
diluted to OD600 = 0.1 (c. 0.6 × 106 cell/ml) and they were then 
transferred to the control temperature (22°C) for up to 14 days, 
and their growth rates over the exponential growth period were 
measured (based on OD measurements done every second day) 
according to μ = (ln Nd − ln N0)/d, where N0 and Nd represent 
culture density at the beginning and the end of each test, and d 
is the duration of the test in days. Number of divisions per day 
(Div/day) was calculated as follows: Div/day = μ/ln2, while genera-
tion time (Gen.t) was calculated according to: Gen.t = 1/Div/day. 
Growth rate measurements were stopped after 14 days because 
at this time most cultures were already very dense (OD600 = 0.9– 
1.4, corresponding to a density of c. 1.16 × 107– 1.84 × 107 cells/
ml; Figure S2).

2.3  |  Land- based mesocosm experiment

The impact of the three M. aeruginosa strains on natural lake commu-
nities was tested at the Seeon Limnological Station of the Ludwig- 
Maximilians- Universität (LMU) Munich, in Bavaria, Germany. Four 
1000- L water tanks were used, in which 14 mesocosms made out 
of translucent plastic (LDPE, Polyverpackung GmbH) were deployed 

(Figure S3). The tanks were filled with water from the eutrophic lake 
Bansee (47.964°N 12.44°E; total phosphorus >30 µg/L). Before fill-
ing the tanks, the lake water was filtered through a 250- µm gauze to 
exclude macro-  and mesozooplankton; however, microzooplankton 
(same size class as bigger eukaryotic phytoplankton) grazing was still 
possible. The temperature in tanks 1 and 3 was not manipulated, 
while temperature in tanks 2 and 4 was controlled by a program 
based on a Raspberry Pi computer (Raspberry Pi Foundation) with 
sensors that measured a reference temperature from tank 3 and 
switched on or off two heating mats to ensure that these two tanks 
continuously had 4°C on top of ambient values (Figure S3a). The four 
tanks were maintained in this way for 14 days, to allow the plank-
tonic resident communities to acclimate to these conditions. Then, 
the M. aeruginosa strains were inoculated into the lake communities, 
on 19 June 2019. To have three replicates for each experiment, the 
M. aeruginosa strains were not inoculated into the plastic enclo-
sures directly, but into smaller dialysis bags that are permeable for 
macro-  and micronutrients (10– 20 kDa pore size; Nadir, Carl Roth, 
Karlsruhe, Germany). Every enclosure was equipped with three rep-
licate dialysis bags of 1.4 L each that were filled with water from 
the enclosure (Figure S3b). Before being sealed, each dialysis bag 
was inoculated with one of the three M. aeruginosa strains (initial 
concentration: 3 × 103 cells/ml). Therefore, each strain (ambient-  or 
heat- adapted version) was separately inoculated both into the ambi-
ent and heated tanks. Altogether, the experimental setup consisted 
of 42 dialysis bags distributed into 14 enclosures, including controls 
(dialysis bags with no added M. aeruginosa cells) in both ambient 
and heated mesocosms. Temperature was recorded every 60 s by 
the sensors immersed in the tanks, which were connected to the 
Raspberry Pi computer.

2.4  |  Chlorophyll- a concentration measurement

Chlorophyll- a content (µg/L) was estimated in vivo with an 
AlgaeLabAnalyser device (bbe Moldaenke GmbH) once a week, for a 
total of 4 weeks. The AlgaeLabAnalyser is a device made for analys-
ing phytoplankton samples (based on five wavelengths: 470, 525, 
570, 590, and 610 nm), simultaneously providing data on the com-
munity composition in terms of the proportion of defined functional 
groups on total chlorophyll- a according to their spectral charac-
teristics. Four different major algal groups are distinguished: chlo-
rophytes, cryptophytes, cyanobacteria, and a brown group, which 
consists mainly of genera that have additional pigments that ab-
sorb in the yellow/orange wavelength range (diatoms, crysophytes, 
dinoflagellates).

2.5  | DNA analysis

The structure of plankton populations in dialysis bags was checked 
after 4 weeks of field exposure, through DNA metabarcoding. 
First, the water from every three replicate dialysis bags was united 
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(c. 3 L in total), and centrifuged, and total DNA was isolated using 
the E.Z.N.A.® Soil DNA Kit (Omega Bio- tek), following manufac-
turer instructions. DNA concentration/quality was assessed with 
a NanoDrop™ 2000 Spectrophotometer. A part of the small rDNA 
subunit (16S for prokaryotes and 18S for eukaryotes) was then am-
plified through PCR with primers covering a wide range of planktonic 
taxa (Frank et al., 2008; Hadziavdic et al., 2014). DNA sequencing 
was done at the LMU Munich. In brief, 5 μl from each PCR were 
pooled into separate 16S and 18S pools, purified with 0.8× SPRI 
beads according to a standard protocol and eluted in 200 μl 10 mM 
Tris pH7.5. Libraries were constructed using the NEBNext UltraTMII 
DNA library preparation kit, and sequencing was done with a HiSeq 
1500 system (Illumina).

2.6  |  Statistics

Analyses were conducted in R (version 3.6.0), and the ggplot2 
package (version 3.0.0) was used to produce graphs based on the 
AlgaeLabAnalyser data. One- way and two- way ANOVAs (on chlo-
rophyll a concentrations) with combinations of the factors time, 
heat adaptation, and heated tank were conducted both for all strains 
together and for the three strains separately (it is more suitable 
to reveal differences between strains than to conduct three- way 
ANOVAs with heat, heat adaptation, and strain). We assured that 
variance was homogenous with the aid of Fligner tests. For the 
ANOVAs the control treatments had to be excluded as they con-
tained no added strains (this would lead to the necessity to decode 
the controls always as heat adaptation [no], which would distort the 
correlations). Prior to the ANOVAs, a linear model that included the 
interaction of the two factors was defined. Following the ANOVA 
results, post hoc analysis included mean separation tests for mul-
tiple comparisons using Tukey- adjusted comparisons and least 
square means for main effects. Arithmetic means of the treatments 
as well as standard deviations (SD) of the replicates were calculated. 
Student t- tests (two- sided, equal variance) with 95% confidence 
interval were conducted in Numbers after assuring that variance 
was homogenous with the aid of fligner tests. Principal component 
analysis (PCA) was conducted on chlorophyll a concentration using 
the package ggfortify and a code according to Tang et al. (2016).

After DNA sequencing, the base calling and run demultiplex-
ing were conducted using the BaseSpace service (Illumina) meters. 
Qiime2 was implemented for separating sequences for each sample 
and OTU picking with its default settings. The sequences were clas-
sified based on the taxonomy in the Silva database (97% confidence 
threshold, version 132). The sequencing data were analysed in R, 
using ggplot2 and DADA2 for graphical presentation.

Beta diversity was analysed based on DNA data. Rarefaction 
was performed for 36,000 sequences, followed by β- diversity esti-
mation in QIIME (Caporaso et al., 2010) using Weighted Unifrac dis-
tances (Lozupone & Knight, 2005). Visualisation of β- diversity was 
performed in R version 3.6.3 with the plot function of the graphics 
package.

3  |  RESULTS

3.1  | Growth rate evolution

The growth rates of the three M. aeruginosa strains grown adapted 
for 6 months at 22 and 26°C were measured in the control envi-
ronment (22°C). At day 0, all growth rates were similar: μ = 0.156– 
0.159 day−1 (Figure 1). In case of strains M10 and M12, a decrease 
in growth rate occurred after 2 months of exposure to both 22 
and 26°C, followed by a recovery after 4 months (except for strain 
M10 grown at 22°C; Figure 1a,c). After 6 months of cultivation, 
growth rates of both strains M10 and M12 increased above the 
original values (day 0). Nevertheless, the differences between 
growth rates of the strains previously grown at 22 and 26°C were 

F IGURE  1 Representation of the growth rates during 6 months 
of adaptation to different temperatures. *p ≤ 0.05; t = 2.24. 
**p ≤ 0.001; t = 3.16 (t- test). Standard deviation presented in the 
graph; each test was done in three replicates
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not statistically significant (t- test; p ≥ 0.05; Figure 1a,c). In the 
case of strain M11, there was no decrease in growth rate after 
2 months. Moreover, growth rates of M11 continued to increase 
after 4 and 6 months, slightly faster for the strain cultured at 26°C. 
The differences between growth rates of the M11 cultures previ-
ously acclimated at different temperatures (22°C/26°C) were in 
this case significant (p ≤ 0.001; Figure 1b). The growth rate of the 
three strains after 6 months varied from µ = 0.165– 0.19, which 
translates to a generation time of c. 3.6– 4.2 days, meaning 43– 50 
generations (growth curves are presented in Figure S4). In case of 
strain M12, growth rates of both ambient-  and heat- grown ver-
sions were similar to the values measured at the beginning of the 
experiment (day 0; Figure 1b).

3.2  |  Competition experiment

3.2.1  |  Temperature

Each M. aeruginosa strain was separately inoculated into 1.4- L di-
alysis bags containing eutrophic lake water (total phosphorus 
>30 µg/L), which were immersed into four 1000- L mesocosms filled 
with the same lake water (Figure S3). The water in mesocosms 2 and 
4 was heated evenly along the water column. During weeks 2 and 3, 
when a heatwave was recorded in Bavaria, the water temperature 
in the heated tanks often exceeded 30°C, and 26°C in the ambient 
tanks (Figure 2). During the fourth week, temperature frequently 
dropped below 19°C in the ambient mesocosms and 23°C in the 
heated tanks.

3.2.2  |  Phytoplankton group dynamics

The concentration of total chlorophyll- a was also different through-
out the experiment due to added inoculum and temperature. In 
general, total chlorophyll- a concentration after the first 2 weeks 
was higher in the heated as compared to ambient tanks (Figure S5). 
This changed towards the second part of the experiment, when the 
amount of chlorophyll- a in the ambient mesocosms kept rising, while 
it decreased in most of the heated tanks (Figure S5b). Moreover, total 
chlorophyll- a concentration in ambient mesocosms was significantly 
higher in the dialysis bags that were inoculated with M. aeruginosa 
M10 and M11 cells as compared to control bags (t- test: p < 0.001). 
After 4 weeks, communities that were inoculated with ambient- 
adapted cyanobacterial cells displayed double the chlorophyll- a con-
centration compared to control communities (Figure S5a,c).

The composition of the phytoplankton communities inside the 
dialysis bags diverged greatly between the ambient/heated meso-
cosms. Thus, the chlorophyll- a concentration in the dialysis bags 
(including controls) from the ambient tanks 1 week after the start 
of the experiment was of c. 6 µg/L, while in the bags immersed in 
the heated tanks it exceeded 10 µg/L (Figure 3). Chlorophytes were 
the most abundant phytoplankton group in each bag, at every time 

point. Their concentration in the ambient tanks kept rising with time, 
while in the heated mesocosms it was constant. Cyanobacteria dis-
played similar dynamics in time, with an increasing abundance in 
the ambient tanks and a steady concentration in the heated tanks. 
Nevertheless, a higher abundance of cyanobacteria was observed 
(based on chlorophyll measurements) in the communities from the 
heated tanks that were inoculated with heat- adapted M. aeruginosa 
strains as compared to ambient- adapted strains. Other groups of mi-
croalgae were in general not affected by water temperature, nor by 
inoculum type (Figure S6).

The most noteworthy results were observed in the ambient 
tanks, regarding the abundance of chlorophytes and cyanobac-
teria (Figure 3). The highest concentration of chlorophytes was 
measured in the dialysis bags inoculated with ambient- adapted M. 
aeruginosa cells. The abundance of cyanobacteria increased with 
time in all bags, but at a higher rate in those inoculated with the 
strains that were previously adapted to 26°C. The concentration 
of cyanobacteria in the bags inoculated with heat- adapted strain 
M11 reached the highest value after 4 weeks (6 µg/L; Figure 3c), 
while the concentration in the case of strains M10 and M12 
reached 4 µg/L at the end of the experiment (Figure 3a,c). The 
ambient- adapted strain M10 produced similar results as the heat- 
adapted version (Figure 3a), while ambient- adapted strains M11 
and M12 produced a lower cyanobacterial concentration during 
the four timepoints as compared to their heat- adapted variants 
(Figure 3c,e; Figure S10). Cyanobacteria, which occur naturally in 

F IGURE  2 Tank temperature for the time of the experiment (mean 
values of two mesocosms). The black line shows ambient, the red line 
heated tanks. Visible are day– night fluctuations as well as weather 
changes 
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most freshwater lakes from temperate regions, were also present 
in the control bags, but their concentration throughout the exper-
iment was overall lower than in any of the communities inoculated 
with M. aeruginosa.

ANOVA tests were conducted to reveal differences between 
treatments at the end of the experiment (week 4). Tests were run 
with the factor heat adaptation (yes, no) and the factor heated 
tank (yes, no). There were significant differences in cyanobacteria 

concentration among bags inoculated with any Microcystis strains 
concerning the factor heat adaptation (except for strain M10) and 
the factor heated tank, but not concerning an interaction of the 
two factors (Table 1). Post hoc analyses (least square means for 
main effects, Tukey- adjusted comparisons, mean separation test, 
one- way ANOVA) showed that considering all tanks and strains 
after 4 weeks, treatments with heat- adapted strains had higher 
cyanobacterial concentrations, while treatments in ambient tanks 

F IGURE  3 Chlorophyll concentration of green algae and cyanobacteria in the ambient and heated tanks. (a and b) strain M10; (c and d) 
strain M11; (e and f) strain M12; Ct_1– Ct_4 = control dialysis bags (no added cyanobacteria); A_1– A_4 = dialysis bags inoculated with 
ambient- adapted cyanobacteria; H_1– H_4 = dialysis bags inoculated with heat- adapted cyanobacteria. The numbers (1– 4) refer to the week 
of the experiment when the samples were analysed. Each value represents average chlorophyll- a ± SD. **p ≤ 0.01; *p ≤ 0.05 (for heat- 
adapted cyanobacteria) 
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had higher cyanobacterial concentrations as compared to heated 
tanks (Figure S7; Table 1).

Taken separately, we found significant differences in cyanobac-
terial concentrations at the end of the experiment (week 4) for each 
of the three M. aeruginosa strains concerning the factor heated tank, 
and also for heat adaptation in strains M11 and M12. In case of strain 
M10, heat adaptation did not produce a significant advantage over 

the ambient- adapted strain (Table 1). Nevertheless, there were sig-
nificant differences in M10 cell concentration regarding the factor 
time (week 1, 2, 3, 4), as well as time:heated tank (Table 1; Figure S8).

The pigment- based PCA of the phytoplankton communities from 
the ambient /heated tanks showed clear differences between com-
munity structure during the 4 weeks (Figure 4). After week 1 of the 
experiment, the phytoplankton populations in the two environments 

Factor df F value p value

Heat adaptation (all strains) 1 6.71 0.01

Heated tank (all strains) 1 72.58 <0.001

Heat adaptation:heated tank (all strains) 1 3.99 0.10

M10— Heat adaptation 1 0.18 0.69

M10— Heated tank 1 33.28 <0.001

M10— Heat adaptation:heated tank 1 1.28 0.29

M11— Heat adaptation 1 11.34 0.01

M11— Heated tank 1 56.46 <0.001

M11— Heat adaptation:heated tank 1 3.39 0.10

M12— Heat adaptation 1 6.23 <0.05

M12— Heated tank 1 18.32 <0.01

M12— Heat adaptation:heated tank 1 1.33 0.28

Time (M10) 3 3.66 0.02

Time (M11) 3 1.62 0.20

Time (M12) 3 1.79 0.16

Time:heat adaptation 3 0.19 0.91

Time:heated tank 3 22.37 <0.001

Note: Statistically significant factors are in bold.

TA B L E  1  Two- way ANOVA test on the 
biomass of cyanobacteria in relation to 
heat adaptation, tank temperature, time, 
and their interaction

F IGURE  4 Principal component 
(PC) analysis of phytoplankton group 
dynamics during the experiment. Principal 
components are the directions where the 
plotted data vary the most. The coloured 
ellipses represent confidence intervals: 
blue indicates ambient tanks; red indicates 
heated tanks. Br = Brown groups, 
Ch = Chlorophyta, Cr = Cryptophyta, 
Cy = Cyanobacteria 
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were clearly distinct. Starting with week 2, communities from the 
ambient tanks started to increase in diversity as compared to those 
in heated tanks, which continuously decreased in variance until 
week 4. In the plot, both cyanobacteria and chlorophytes changed 
direction over time.

3.3  | DNA- based community structure

A total of 2.3 million sequence reads were obtained following the 
16S rDNA amplicon sequencing, and 1.2 million for the 18S rDNA. 
A number of 0.708 million reads (0.575 million for 16s and 0.133 
for 18S) passed the processing and filtering steps (sequencing qual-
ity and read length). Following the re- assembly, alignment clean up 
and mapping, the final abundance table in the 14 analysed samples 
(based on the 16S and 18S sequences) contained 859– 1,029 prokar-
yotic OTUs and 206– 283 eukaryotic OTUs.

The most abundant prokaryotic OTUs identified in the samples 
belong to phylum Proteobacteria (26%– 56% of total OTUs; Figure 6). 
Most of these OTUs were assigned to Alphaproteobacteria (18%– 
43%) and Gammaproteobacteria (3%– 14% of the reads). The main 
difference between the Proteobacteria in terms of ambient/heated 
tanks was given by the order Elsterales (Alphaproteobacteria; 11%– 
26% in the ambient tanks), which were found at a very low con-
centration in the heated tanks (Figure S9a). In turn, heated tanks 
displayed 4%– 8% of the reads belonging to order Rhizobiales (also 
Alphaproteobacteria), which were almost absent in ambient tanks. 
Cyanobacteria was the second well- represented phylum among 
the prokaryotic OTUs (12%– 49%). By far the highest abundance of 
cyanobacteria was found in the communities inoculated with heat- 
adapted M. aeruginosa strain M11, in both ambient (49% OTUs) and 
heated tanks (36% OTUs; Figure 5a). This strain version also dis-
played a superior fitness in lab experiments (Figure S11). Most cy-
anobacterial DNA reads were assigned to the order Chroococcales 
(which contains Microcystis sp.), but because of sequence ambiguity 
they could not be allocated to a certain species (Figure S9a). Another 
cyanobacterial order that was identified only in the ambient meso-
cosms was Pseudanabaenales (Figure S9a), with 5% of the total reads 
being found in the control sample (lake water). Sequences indicating 
order Nostocales were also identified in both control samples (ambi-
ent and heated tanks).

Planctomycetes was another abundant phylum in all samples, 
being slightly more abundant in the heated (18%– 36%) than ambient 
tanks (13%– 21%; Figure S9a). Chloroflexi (a phylum of thermophilic 
bacteria) were identified almost exclusively in the communities from 
the heated tanks (1%– 5% of the total reads), while Verrucomicrobia 
were found at a higher abundance in ambient conditions (2%– 4%) 
as compared to heated tanks (1% of the reads). Less than 2% of the 
DNA sequences from ambient tanks could not be assigned to a cer-
tain prokaryotic phylum. In turn, a higher proportion of reads from 
the heated tanks (3%– 7%) remained unassigned (Figure 5a).

The eukaryotic populations in heated tanks were dominated by 
Metazoa (41%– 77% of total reads), which were less abundant in the 

ambient tanks (22%– 48% of the reads; Figure 5b). A noticeable dif-
ference regarding which metazoan subgroups were present in the 
ambient/heated tanks was identified: ambient tanks displayed a 
fairly equal proportion of copepods (genus Cyclopoida; 7%– 30% of 
total reads) and gastrotrichs (genus Chaetonotida; 7%– 33% of reads), 
while heated tanks were dominated by gastrotrichs (36%– 73%), with 
copepods representing only 1%– 7% of the DNA reads (Figure S9b). 
In turn, chlorophytes were identified in 16%– 35% of the reads in the 
ambient tanks, and only in 5%– 15% of the reads from the heated 
environments. Fungi (mostly belonging to group Cryptomycota) 
were identified in all samples (3%– 9% of the reads), same as phylum 
Cercozoa (1%– 9%; Figure S9b). Dinoflagellates were found mostly 
in the communities inoculated with M. aeruginosa in the ambient 
tanks (1%– 3%). A much higher abundance of dinoflagellates (genus 
Woloszynskia) was observed in the control dialysis bags (24% of the 
reads; Figure S9b). A variable proportion of reads were unassigned 
(5%– 28% of the reads).

The variation in terms of β diversity was explained, to a large ex-
tent, by tank temperature at the time of the experiments, as shown 
by axis 1, which explained 48.8% of the variance (Figure 6). The im-
pact of inoculated strains, presented on axis 2 (24.7%) was less im-
portant in explaining variance except for heat- adapted M11, whose 
impact on overall community structure was evident.

4  | DISCUSSION

A mechanistical understanding that determines how cyanobacteria 
might react on the long term to warming, will considerably improve 
the realism of models describing the impact of climate change on 
freshwater biodiversity. The goal of this study was to better inte-
grate laboratory culture and field experiments, in order to improve 
our ability to predict and manage CyanoHABs in a changing world, 
and therefore to reveal the potential impact of climate change on 
aquatic ecosystems. We tested the hypothesis that various M. aerug-
inosa strains have different potential to react to higher temperature 
regimes, leading to an acclimation process that will allow some of the 
strains to thrive also under competition against other microalgae. 
According to our results, the hypothesis was confirmed.

Experiments such as this need to be carefully designed, consid-
ering the potential adaptive responses of individual species/strains. 
While controlled lab conditions allow for various hypotheses regard-
ing cyanobacterial blooms to be precisely tested (Drugă et al., 2019), 
they can deviate from the natural environment because of cer-
tain aspects that cannot be replicated in small volumes indoors. 
Parameters such as water stratification or synthesis of extracellular 
polymeric substances by mixtures of strains under certain condi-
tions represent natural elements that are relevant for bloom forma-
tion (Dervaux et al., 2015), and this is why lab experiments should 
be, ideally, confirmed by outdoor studies that reproduce the natural 
setting as much as possible. There is evidence that phytoplankton 
cultures adapt to fixed laboratory conditions over years, gradually 
deviating from those of natural populations of microalgae (Lakeman 
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et al., 2009). For such reason we have chosen to work with freshly 
isolated strains of Microcystis sp.; the experiments started less than 
a year after strain isolation. Moreover, we studied three strains 
in parallel, as it was previously shown that different genotypes of 
Cylindrospermopsis or Microcystis show widely varying responses 
following short- term exposure to factors such as light, tempera-
ture, partial pressure of carbon dioxide (CO2) or water turbulence (Li 
et al., 2018; Pierangelini et al., 2015). The growth rate of the three 
strains during the 6 months of exposure to 22 and 26°C varied, but 
the differences between the ambient-  and heat- acclimated versions 
were statistically significant only in the case of strain M11. It is also 
worth mentioning that, during a follow- up experiment, we have 
found that the optimum temperature for all three strains (measured 
in the 20– 40°C temperature interval) has shifted, for the 26°C- 
acclimated versions, with c. 3°C towards warmer temperatures as 
compared to the 22°C- acclimated strains. This emphasises the fact 
that due to the natural variations between strains, and possibly as 
a consequence of evolutionary adaptation, cyanobacterial species/
strains are highly flexible in their response to various temperature 
conditions. Genetic modifications must, however, be proven to con-
firm any adaptive evolution. Although differences between strain 
response are partly due to genome variation (Willis et al., 2018), 

rapid evolution cannot be ruled out (Bach et al., 2018; Hutchins 
et al., 2015). So far, this kind of response was not documented in 
freshwater microalgae, but only in marine phytoplankton (Padfield 
et al., 2016; Schaum & Collins, 2014). Nevertheless, genomic data 
would be necessary to fully confirm this hypothesis, in order to dis-
entangle physiological plasticity from genetic evolution.

The competition experiment was run in four 1000- L land- based 
mesocosms, two of which were continuously heated up for 4°C 
above ambient temperature. As a result, and also due to a heat-
wave, the water in the heated tanks often reached values of 32– 
33°C after 1 week of exposure. This probably pushed the organisms 
in the heated mesocosms to their limits, since such temperatures 
are higher than usual in most lakes from temperate areas. Although 
these values could be seen as very high even in the worst- case sce-
nario of global warming, our results are relevant because they sug-
gest that even if overall phytoplankton concentration could decrease 
under such high temperatures, some cyanobacteria are adaptable 
and therefore able to withstand these fluctuations. We were able 
to show that treatments with heat- acclimated strains can generate 
higher cyanobacterial concentrations than treatments with ambient- 
acclimated lineages. This supports hypotheses that: (1) there are M. 
aeruginosa strains that can adjust to elevated temperatures; and (2) 

F IGURE  5 Composition of the 
prokaryotic (a) and eukaryotic (b) 
communities identified at the end of 
the experiment (week 4). C_a = control 
assay, ambient tank; c_h = control assay, 
heated tank; a_a = ambient- adapted 
strains inoculated into ambient tank; 
h_a = heat- adapted strains inoculated 
into ambient tank; a_h = ambient- adapted 
strains inoculated into heated tank; 
h_h = heat- adapted strains inoculated 
into heated tank. The pale blue and pink 
backgrounds below each figure represent 
the ambient and heated mesocosms, 
respectively 
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these strains might display an even higher competitive ability as 
compared to the ambient- acclimated strains. As for the cyanobacte-
ria in heated mesocosms, decreased growth in weeks 3 and 4 after 
an initial phase of increased cyanobacterial concentrations in week 
1— together with the high temperature profile— indicate that an opti-
mum temperature had been transgressed and cyanobacteria did not 
recover until the end of the experiment. However, the fact that total 
chlorophyll- a was lower in the heated tanks previously inoculated 
with heat- adapted cyanobacteria as compared to ambient- adapted 
strains emphasises the fact that cyanobacterial acclimation to higher 
temperatures might impact not only on phytoplankton diversity, but 
also on total algal biomass. This might be a relevant finding con-
sidering that microalgae are at the base of aquatic food chain, and 
requires further study in order to better understand the whole pro-
cess and its implications. A slightly biased increase of chlorophytes 
by the AlgaeLabAnalyzer in the ambient tanks cannot be ruled out, 
since the presence of a different group of algae (belonging to the 
Zygnematophyceae class) was noticed in some of the dialysis bags 
displaying the highest concentration of chlorophytes. Nevertheless, 
the increasing cyanobacterial concentration in the ambient tanks 
(especially heat- adapted strain M11) shows how plastic cyanobac-
teria can be. Considering that each strain went, on average, through 
a series of c. 50 generations during the 6- month adaptation exper-
iment, our results suggest either a high evolutionary potential, or 
an outstanding ability of cyanobacteria to quickly acclimate to high 
temperatures. Future genomic analyses will have to shed light on 
this matter. Laboratory experiments have shown that cyanobacterial 
species typically have optimal growth temperature at higher values 
than diatoms or dinoflagellates (Griffith & Gobler, 2020). Although 
there is variation between species, growth rates of cyanobacteria 

tend also to increase faster with temperature than those of chloro-
phytes (Visser et al., 2016). This is important, because with global 
warming, lakes from temperate regions and high latitudes will prob-
ably have shorter ice covers during winter, an earlier onset of strati-
fication in spring, warmer summers and prolonged stratification into 
the autumn (Beaulieu et al., 2013; Michalak et al., 2013). These fac-
tors could all contribute to a longer duration and range expansion of 
CyanoHABs.

The abundance of chlorophytes in the ambient mesocosms in-
creased with time in all dialysis bags, but at a lower degree in those 
inoculated with heat- acclimated M. aeruginosa strains. Thus, the 
well- growing heat- acclimated M. aeruginosa strains seemed to im-
pact the growth of chlorophytes more than the ambient- acclimated 
strains. This trend was not observed in the heated tanks. This sug-
gests that, while in the heated tanks, temperature was probably the 
main limiting factor for most microalgae, added cyanobacterial cells 
had a major influence in chlorophytes concentration in the ambient 
environments. Since water temperature in ambient mesocosms was 
on average 2– 3°C higher than temperature in the lake (due to the 
enclosure effect), it is reasonable to assume that cyanobacteria will 
increase in abundance in the warmer lakes in the future, and that 
they might play an important role in determining plankton com-
position of freshwater environments. Other groups of microalgae 
(cryptophytes, brown groups) did not seem to be affected by the 
experimental setup, except for dinoflagellates, which were identified 
only in the control ambient tanks, but not in other treatments.

According to the statistical analyses, a synergistic effect of heat 
acclimation and tank temperature could not be established after 4 
weeks of incubation in mesocosms, probably because the water in-
side heated mesocosms during weeks 2 and 3 was too warm for all 
phytoplankton in general. Nevertheless, the factor heat adaptation 
interacted significantly with the factor time in shaping the cyano-
bacterial concentration. Taking all strains together, treatments with 
heat- acclimated strains displayed significantly higher cyanobacterial 
concentration than those with ambient- acclimated strains at the 
end of the experiment (F = 6.71, p = 0.01; post hoc analyses). Also, 
treatments in ambient tanks had significantly higher cyanobacterial 
concentrations than those in heated tanks (F = 72.58, p < 0.001— 
Table 1). PCA of the community composition showed clear differ-
ences between ambient and heated tank treatments at the beginning 
of the experiment and their subsequent mixing by the end of the 
test. The range of algal groups growing in heated mesocosms de-
creased in size and finally overlapped with the wider range of algal 
groups growing in ambient tanks by the end of the experiment. This 
means that heat represented a strong stressor. While distribution of 
chlorophytes points to the negative direction of the x- axis in weeks 
1 and 2, it points to the positive direction in weeks 3 and 4. This sug-
gests that the response of this group to the tank treatments changed 
fundamentally. Such a change could be a result of added cyanobac-
teria, as the direction of this group in the PCA plot changed between 
weeks 2 and 4. However, the distribution of cyanobacteria only 
accounted for 2%– 5% (y- axis) of the variance. Hence, chlorophytes 
reacted even more to temperature than cyanobacteria, this being in 

F IGURE  6 Principal coordinates analysis (PCoA) representing 
the β diversity of the 14 communities at the end of the mesocosm 
experiment 
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line with previous findings indicating higher growth rates for chloro-
phytes under certain temperature regimes (Lürling et al., 2013).

DNA metabarcoding data largely supported the phytoplank-
ton grouping based on chlorophyll concentration. A total overlap 
was however not expected, since the two techniques respond to 
different questions based on different kind of data. As for cyano-
bacterial abundance, it was obvious that strain M11 is more flexible 
than M10 and M12, and that the 26°C- acclimated version can suc-
cessfully withstand temperatures that are considerably higher than 
natural values (31– 32°C). It is important to mention that strain M11 
also had the highest growth rate at the beginning of this project, 
prior to starting the 6- month growth experiment. Considering this, 
and also the fact that this was the only strain displaying significant 
differences in growth rate evolution at two different temperatures, 
suggests that physiological plasticity might predict the adaptive po-
tential in some cyanobacteria. To the best of our knowledge, this is 
the first time when a relationship between short- term plasticity and 
long- term response was observed in cyanobacteria. A similar phe-
nomenon was previously detected in the marine alga Ostreococcus 
sp., where strains with larger plastic response to stressors were 
shown to increase in abundance in the short term and also evolve 
more in the long term (Schaum & Collins, 2014).

Proteobacteria, a major phylum of Gram- negative bacteria, dom-
inated the bacterial populations in all dialysis bags, except for those 
inoculated with heat- acclimated M. aeruginosa strain M11, which was 
in this case dominant. Presence of proteobacteria was expected, as 
they are widespread in most environments, from freshwater to ma-
rine ecosystems, soil, wastewaters, etc. (Drugă et al., 2018; Lokesh 
& Kiron, 2016). The main difference between ambient and heated 
tanks, in terms of Proteobacteria, was given by order Elsterales. This 
is a newly proposed group of microorganisms that is still poorly de-
scribed. It was detected before in freshwaters, but at much lower 
concentrations than in our samples (Tee et al., 2020). We identi-
fied it almost exclusively in the ambient tanks (up to 26% of total 
OTUs), suggesting that Elsterales do not acclimate easily to warm 
environments. By contrast, OTUs belonging to phylum Chloroflexi 
were found almost exclusively in the heated tanks. This group are 
both aerobic and anaerobic thermophilic prokaryotes, which could 
explain their absence from the ambient mesocosms (Sutcliffe, 2010).

We observed a decreased eukaryote species richness in the 
heated mesocosms, which were largely dominated by gastro-
trichs. Zooplankton was present in all samples despite filtering the 
water through a 250- µm gauze in the beginning of the experiment. 
Therefore, it cannot be ruled out that zooplankton grazing, such as 
copepods, or non- selective feeders in ambient mesocosms, (e.g. 
Daphnia sp.) had some effect on the overall taxonomic composition 
of microalgal communities (Drugă et al., 2016). However, the eukary-
otic community composition differed less between treatments with 
heat/ambient- acclimated strains, and more between treatments in 
heated/unheated tanks. The high proportion of cyclopoids in ambi-
ent mesocosms can be associated to both their plasticity in relation 
to food (higher biodiversity in ambient tanks), and to physical condi-
tions (temperature that was closer to their natural environment). The 

increased number of gastrotrichs (which are rather benthic organ-
isms) in the heated mesocosms might be considered as unexpected. 
This can, however, be explained by the fact that all biomass from di-
alysis bags was collected for DNA isolation, therefore including ben-
thic organisms. Other data have also pointed out that abundances 
of freshwater invertebrates tend to abruptly decrease as a result of 
global warming (Sánchez- Bayo & Wyckhuys, 2019). The DNA data- 
based PCA plot indicated obvious differences in the overall com-
munities between ambient/heated mesocosms, temperature at the 
time of experiments being, therefore, the main driver of biodiversity. 
Nevertheless, the heat- acclimated version of strain M11 also clearly 
impacted on community structure, this confirming the chlorophyll- 
related results. Our study therefore emphasises the idea that be-
cause of warming, freshwater biodiversity might be under threat at 
many trophic levels, and the increased abundance of cyanobacteria 
will probably accelerate this phenomenon.

According to some studies, climate change will act as a single- 
edged sword, resulting in large increases of community biomass (but 
not biodiversity) and nutrient use efficiency (Mesquita et al., 2020; 
Ullah et al., 2018). However, after a closer look into community 
structure in a warmer climate, the second edge appears, meaning 
mostly negative effects, in the form of biodiversity loss and an in-
crease in cyanobacteria abundance. The rates of biodiversity loss 
are already greater in freshwater than terrestrial ecosystems due 
to human activities (Turak et al., 2017). This is why an increasingly 
higher abundance of freshwater cyanobacteria triggered by global 
change might be extremely dangerous for both nature and human 
society.

Here, a single organism was adapted to increased temperature 
before being inoculated into a natural community that was not pre-
viously exposed to heat. In theory, this might offer the target organ-
ism a competitive advantage over the resident community. Thus, it is 
plausible that the effects of adaptation would have been alleviated 
in a scenario where all members of the community were previously 
acclimated. To check for that hypothesis, several other microalgae 
(e.g. chlorophytes, diatoms) should also be exposed to elevated tem-
peratures before being inoculated into mixed communities. This is 
the next logical step in such an experimental setup. Nevertheless, 
the results achieved here are highly relevant as they confirm that 
potentially toxic cyanobacteria, which already pose a serious threat 
to freshwater ecosystems, might further increase their dominance in 
the coming decades.

Importantly, all three strains tested in this study were acclimated 
to both 22 and 26°C long after the end of the experiments pre-
sented here. Thus, after 18 months of heat acclimation (autumn of 
year 2020), strain M11 could be successfully grown at 38°C, while 
the ambient- acclimated version did not grow under these conditions. 
This shows that, over time, increased temperature has an evident 
positive effect on some Microcystis sp. lineages. Considering the 
much higher number of strains in natural environments, it is rea-
sonable to predict that global warming will have an important pos-
itive impact on freshwater cyanobacteria in the future. Our data is 
also important for informing modellers on the realistic potential on 
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M. aeruginosa to cope with temperature change, which could be used 
for more accurate predictions of the ecological niches/regions that 
might be dominated by these organisms in the future.

Apart from being potentially toxic, cyanobacteria also repre-
sent low- quality food for zooplankton. Although variable tolerance 
to toxic cyanobacteria was previously observed in some zooplank-
ton species (Drugă et al., 2016), it is reasonable to assume that the 
overall structure of zooplankton populations might be seriously 
impacted by an increased cyanobacterial concentration in fresh-
waters. There still remains the question whether cyanobacteria 
will thrive and impact zooplankton in oligotrophic lakes in the fu-
ture. Even though recent data suggest that cyanobacterial growth 
is impaired in low- nutrient environments (Cabrerizo et al., 2020), 
it was also shown that the ability of some cyanobacteria to uti-
lise nutrients can be improved by increasing CO2 (Ma et al., 2019). 
Considering this, together with the predicted increase in CO2 
concentration from 400 ppm in the present up to 1,000 ppm by 
the end of the 21st century (IPCC Report, 2018), as well as the in-
creased potential of M. aeruginosa to cope with change, as shown in 
this study, it can be expected that cyanobacteria will also adapt to 
low- nutrient environments. Nevertheless, this hypothesis should 
be further tested.

This study emphasises the importance of running experiments 
spanning over several months (and even years) in order to have a 
grasp of the adaptive potential of microalgae. During short- term 
experiments, the organisms have limited time to acclimate to the 
new environments. This, together with the fact that lab conditions 
might act as a stress factor during the first weeks, might lead to un-
expected results that are not environmentally relevant (as observed 
in this study, with strains M10 and M12 displaying a lower growth 
rate after 2 months). We have shown that the responses of cyano-
bacteria to higher temperature differ greatly between strains if they 
are exposed to these conditions for c. 50 generations, and it is likely 
that these differences would be even stronger after a longer period. 
Considering all these, perhaps the best way forward is to acknowl-
edge and include such mid/long- term studies into future research 
programmes. Taking the magnitude of threats by CyanoHABs into 
account, and also considering the ability of cyanobacteria to react 
to change in the environment, increasing scientific attention for this 
topic is highly justified.

In summary, M. aeruginosa has a strong potential to cope with 
warm environments, and this is a strain- specific process. Moreover, 
the strains with higher physiological plasticity are likely to adjust 
better in the long term. Unlike ambient- acclimated cyanobacteria, 
the concentration of heat- acclimated strain M11 was significantly 
higher 4 weeks after being inoculated into phytoplankton commu-
nities. Therefore, apart from the temperature at the time of the 
experiment, previous exposure to warming is a critical factor in 
shaping the overall structure of plankton communities. Our results 
demonstrate the adaptative potential of cyanobacteria to stressors 
and emphasise the need to consider such experiments for a better 
understanding of the long- term impact of climate change on aquatic 
ecosystems.
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