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b Institut Pasteur, Université Paris Cité, Collection of Cyanobacteria, Paris, F-75015, France 
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A B S T R A C T   

Cyanobacterial blooms can modify the dynamic of aquatic ecosystems and have harmful consequences for human 
activities. Moreover, cyanobacteria can produce a variety of cyanotoxins, including microcystins, but little is 
known about the role of environmental factors on the prevalence of microcystin producers in the cyanobacterial 
bloom dynamics. This study aimed to better understand the success of Planktothrix in various environments by 
unveiling the variety of strategies governing cell responses to sudden changes in light intensity and temperature. 
The cellular responses (photosynthesis, photoprotection, heat shock response and metabolites synthesis) of four 
Planktothrix strains to high-light or high-temperature were studied, focusing on how distinct ecotypes (red- or 
green-pigmented) and microcystin production capability affect cyanobacteria’s ability to cope with such abiotic 
stimuli. Our results showed that high-light and high-temperature impact different cellular processes and that 
Planktothrix responses are heterogeneous, specific to each strain and thus, to genotype. The ability of cyano-
bacteria to cope with sudden increase in light intensity and temperature was not related to red- or green- 
pigmented ecotype or microcystin production capability. According to our results, microcystin producers do 
not cope better to high-light or high-temperature and microcystin content does not increase in response to such 
stresses.   

1. Introduction 

Aquatic ecosystems are complex and dynamic adaptive systems 
driven by multiple biotic and abiotic factors. In these environments, 
cyanobacteria (photosynthetic prokaryotes) play critical roles at the 
base of the food chain and contribute significantly to primary produc-
tion. However, over the past three decades, the increasing anthropic 
pressures on the natural aquatic environment have caused massive 
cyanobacterial developments, including those containing toxin- 
producers (i.e. cyanobacteria, Harmful Algal Blooms; cHAB) (Huis-
man et al., 2018). The increasing occurrence of these blooms is a source 
of concern since they can modify the dynamic of ecosystems and have 

deleterious consequences for the production of drinking water or rec-
reational aquatic activities (Cheung et al., 2013; Chorus et al., 2021; 
Chorus and Welker, 2021; Massey et al., 2020; Otten and Paerl, 2015). 
Studies have been dedicated to environmental drivers affecting cyano-
bacterial growth and blooms (Huisman et al., 2018; Manning and No-
bles, 2017; Paerl and Paul, 2012). 

Planktothrix is one of the main bloom-forming cyanobacteria iden-
tified in temperate areas (Anagnostidis and Komárek, 1988; Gaget et al., 
2015; Suda et al., 2002) and is globally distributed in lakes and reser-
voirs (Kurmayer et al., 2011). Recent genomic analyses revealed that all 
planktic Planktothrix belongs to the same species (Pancrace et al., 2017). 
Within this species, two central ecotypes exist a red-pigmented ecotype 
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(Planktothrix rubescens) and a green-pigmented ecotype (Planktothrix 
agardhii) containing respectively phycoerythrin (PE) or phycocyanin 
(PC) as the principal constituent of phycobilisomes (i.e. the 
light-harvesting antennae of cyanobacteria). To dominate microbial 
ecosystems (bloom conditions), cyanobacteria need to be able to adapt 
to sudden changes of abiotic environmental factors (i.e. light, tempera-
ture, nutrients). Aquatic organisms are often exposed to rapid fluctua-
tions in light intensity due the position of the sun and clouds or the 
movements of waves. In aquatic environments, the light intensity can 
increase by up to five times, reaching values as high as 9000 µmol 
photons m − 2 s − 1 (Allahverdiyeva et al., 2015). In shallow lakes, water 
temperature responds rapidly to changes in air temperature, sometimes 
with episodic changes in water temperature of >5 ◦C; in the littoral zone 
the water temperature may even vary daily by 5–10 ◦C (Zhang et al., 
2016). 

Light is essential to drive photosynthesis and hence provide the fuel 
needed for cell functioning. However, excessive light can damage pho-
tosystems leading to photoinhibition (Murata et al., 2007). To cope with 
sudden increase in light intensity, cyanobacteria have evolved a variety 
of defensive mechanisms. One of these pathways involves the orange 
carotenoid protein and is related to phycobilisomes (OCP) (Kirilovsky, 
2007). Flavodiiron and high-light-induced proteins (HLIPs) also play an 
essential role in photoprotection (Allahverdiyeva et al., 2013; Komenda 
and Sobotka, 2016). Light is not the sole abiotic factor damaging cell 
components when in excess. High-temperature (HT) also provokes 
adverse effects at the cellular level. An increase in temperature leads to 
denaturation of proteins, disruption of cell activity and eventually cell 
death. Heat shock proteins (HSPs) are produced in response to various 
stresses, including HT (Wang et al., 2004). They modulate protein ho-
meostasis and can be classified into five families according to their size: 
HSPs100, HSPs90, HSPs70/ HSPs40/ HSPs25, HSPs60/ HSPs10 and 
small HSPs. The regulation and the multiple roles of HSPs in cyano-
bacteria are well documented (Rajaram et al., 2014). Their actions 
notably involve the protection of the photosynthetic apparatus from 
stress-induced damage (Chaurasia and Apte, 2009; Hihara et al., 2001; 
Huang et al., 2002; Nakamoto et al., 2000; Sato et al., 2010; Thurotte 
et al., 2020; Tran et al., 2013). 

In parallel, numerous studies have been conducted to understand 
better the factors modulating the prevalence of toxin-producing strains 
in blooms and their toxin content. Under field and laboratory conditions, 
the effects of environmental elements such as light, temperature, ni-
trogen, phosphorous, and trace metals on microcystin (MC; the most 
prevalent toxins generated by cyanobacteria) production have been 
explored (Neilan et al., 2013; Omidi et al., 2018; Pearson et al., 2016). 
Interestingly, it has been previously shown that high-light (HL) increases 
transcription of genes belonging to the mcy gene cluster (Kaebernick 
et al., 2000; Sevilla et al., 2010; Tonk et al., 2005; Tran et al., 2013). The 
hypothesis that MC may play an intracellular role and modulates protein 
stability and function was then fueled by discovering a noticeable 
binding capability between MC and cysteins of various proteins, notably 
under HL (Zilliges et al., 2011). Altogether, these results strongly suggest 
a biological role of MC related to the limitation of cell damages induced 
by HL, especially at the level of the photosynthetic apparatus. However, 
figuring out the precise biologic roles of MC remains still under inves-
tigation (Omidi et al., 2018). 

This study aimed at better understanding the reason for the success 
of Planktothrix in various changing environments by unveiling the va-
riety of strategies governing cell responses to a sudden change in light 
intensity or temperature. We investigated the response of four Plankto-
thrix genotypes to HL or HT and how ecotype (red- or green-pigmented) 
and MC production capability affect the ability of cyanobacteria to cope 
with such stresses. We hypothesized that: (i) red and green Planktothrix 
respond differently since the two ecotypes bloom in contrasting envi-
ronments (deep and shallow lakes, respectively), (ii) Planktothrix strains 
producing MC will be more tolerant to HL than non-MC producers as MC 
is suspected of allowing the cells to limit damages induced by such stress 

on the photosynthetic apparatus, and (iii) responses to HL and HT will 
be contrasted as the two stresses impact different cellular mechanisms. 
Planktothrix responses were assessed at the gene expression, metab-
olomics, physiological, and ultrastructural levels using high throughput 
qPCR, untargeted metabolomics, in vivo fluorescence measurements, 
Transmission Electron Microscopy (TEM) techniques in order to better 
understand the mechanisms that enable these cyanobacteria to cope 
with fluctuating light intensities or temperatures. We mainly focused on 
cellular functions related to photosynthesis, photoprotection, heat shock 
response and metabolites synthesis (including cyanotoxins). 

2. Material and methods 

2.1. Cyanobacterial cultures 

Four Planktothrix strains isolated from European blooms were 
selected upon their MC production: two producing strains, P. agardhii 
PCC 10110 (France) and P. rubescens PCC 7821 (Norway), a wild-type 
non-producing strain P. agardhii PCC 7805 (the Netherland) and an 
impaired MC production by mutagenesis of P. agardhii NIVA CYA 126/8 
ΔmcyD (Finland; Gaget et al., 2015). The PCC strains further named 
10110GreenMC+, 7821RedMC+, and 7805GreenMC- were axenic, 
whereas the mutant strain 126GreenMC- was living with bacteria (de-
tails related to the mutant and the ecotypes are given in supplementary 
Appendix A). The strains were maintained in 40 mL of BG11 (Rippka 
et al., 1979) and supplemented with 1 µg mL− 1 chloramphenicol 
(Sigma) for the mutant strain. Each of the four cultures was separated 
into three independent Erlenmeyer diluted at OD750nm 0.01 to 0.04. The 
cultures were synchronized under a 13:11 h light/dark cycle at 6 µmol 
photons m − 2 s − 1 at 20 ◦C until they reached an OD750nm to 0.5–0.7. 
They were progressively transferred in larger volumes until 1 L culture 
into a 3 L flask continuously agitated by magnetic stirring bars. Each 1-L 
culture was transmitted and divided into three subcultures of 1 L in 2 L 
bottles under the same conditions as above to obtain the expected bio-
masses for the HL stress, HT stress and control experiments. After four 
weeks of growth, the cultures reached an OD750nm about 0.15–0.32 and 
were adjusted to 0.2–0.3. The 24-hour investigation was conducted the 
day after. 

2.2. Experimental conditions 

The 24-hour experiment was composed of a 4-hour stress exposure 
followed by a recovery phase. The first sampling point (T0) was made 
1h30 after the light switch on in control conditions (Ctrl: 20 ◦C, 6 µmol 
photons m − 2 s − 1) (Fig. 1). The stresses were applied after 2 h of light 
on to HL (150 µmol photons m − 2 s − 1, 20 ◦C) or to HT (33 ◦C, by 
transferring the flask in 33 ◦C baths) for 4 h. Each experiment was tested 
in triplicate. For the RNA analysis, samplings were performed after 20 
min (T0.3), 1 hour (T1), and 4 h (T4) of stress, as well as in control flasks. 
Further, samplings were performed at the end of the stress phase named 
recovery, after 3 h (T7), 5h30 (T10) and 20 h (T24) in all flasks. A 
volume of 50 mL of culture was filtered through a polycarbonate 
membrane (diam. 47 mm, pore size 3.0 μm Whatman Nucleopore). The 
filter was transferred into a 2 mL Eppendorf tube containing 1.5 mL of 
RNAlater (Sigma), stored at 4 ◦C overnight and then moved at − 80 ◦C 
until RNA extraction. For in vivo fluorescence measurements, 10 mL of 
culture were sampled and immediately analyzed at the exact sampling 
times. For chlorophyll a (Chl-a) quantification, 10 mL of culture were 
sampled at T0, T1, T4, T7, T10 and T24, filtered through a GF/C filter 
(diam. 47 mm, pore size 1.2 μm Whatman) and stored at − 20 ◦C until 
Chl-a extraction. 10 mL of culture were sampled for metabolomic ana-
lyses at T0, T4, T10 and T24. After centrifugation (3220 g; 10 min; 4 ◦C), 
the supernatant was discarded, and the pellet was conserved at − 20 ◦C 
until extraction of metabolites. For TEM analyses, 10 mL of culture were 
sampled at T0 and T4. 
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2.3. Genome and gene selection 

The complete genomes of the strains 7805GreenMC-, 7821RedMC+
are publicly available (LO018304–6 and CZCZ01000001–13, respec-
tively), as well as the draft version of 126GreenMC- (NZ_A-
SAK00000000.1). The culture of 10110GreenMC+ (40 mL) was 
centrifuged rinsed twice with sterile water. The pellet of this culture was 
freeze-dried and lyophilized before DNA extraction. Genomic DNA was 
extracted with the NucleoBond Genomic DNA purification kit 
(Macherey-Nagel) as previously used in various pure cyanobacteria 
(Shih et al., 2013). The draft genome of the strain 10110GreenMC+ was 
obtained by Illumina sequencing resulting in a 5.42 Mb with a GC 
content of 39.55% in 148 scaffolds and deposited under the accession 
number GCA_903,969,095. The genome was deposited in the Micro-
Scope platform for genomic analysis and compared with the other ge-
nomes (Vallenet et al., 2019). 

2.4. Reverse transcription qPCR (RT-qPCR) 

The RNA extraction followed the method based on high-intensity 
ultra-sonication recently developed for Planktothrix (Kim Tiam et al., 

2019a) briefly described in supplementary Appendix B. The extracted 
RNA samples were reverse transcribed into cDNA and analyzed by qPCR 
at the High Throughput qPCR Core Facility of the ENS. Multiplex 
quantitative PCR were performed using the BioMark™ HD System with 
48.48 integrated fluidic circuits (Fluidigm), following the process 
described in supplementary Appendix B. 

Impacts of stresses were assessed on the relative expression of genes 
involved in photosynthesis (psaA, psbA, apcA, cpcA, fnr), photo-
protection (frp, ocp, flv1, flv3, hliA), temperature tolerance (dnaK, groEL, 
groES, hslO, hspA, hspG), oxidative stress regulation (sodB, gor), micro-
cystin synthesis (mcyA, mcyB, mcyE) and the synthesis of other second-
ary metabolites (mdnB, aerA, aerB, aerF, ociB, ociC, ociD, aptA, aptB, 
aptC, micA, micC, micD). The many phases in the reliable transcript 
quantification procedure (including primer design, validation, and 
correct normalization with the relevant reference genes, supplementary 
Table A and supplementary Appendix B) were carried out following 
MIQE recommendations (Bustin et al., 2009). Relative quantification of 
each gene expression level was normalized according to gene expression 
of rpoC, gyrB and rpsL, stable throughout the experiments. It was 
generated using Pfaffl’s method, which considers the efficiencies of the 
primers (Pfaffl, 2001). 

Fig. 1. Short-time stress experiment considering several Planktothrix genotypes belonging to two ecotypes and with different MC production capabilities. The 24- 
hour experiment was composed of a 4-hour stress exposure to HL or HT, followed by a recovery phase with a night shift of 11 h. All samplings were performed 
in triplicate during light phase. 
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2.5. Sample analyses 

Photoinhibition (inhibition of Photosystem II activity) monitoring, 
Chl-a quantification, metabolomic analyses and TEM analyses were 
performed as described earlier (Djediat et al., 2020; Kim Tiam et al., 
2019b; Yéprémian et al., 2016) and are explained in detail in supple-
mentary Appendix C. Results concerning the effects of HL on ultra-
structure (obtained with TEM) are published elsewhere (Djediat et al., 
2020) and will not be presented in this paper. 

2.6. Statistical analyses 

Normality and homogeneity of variance were checked before data 
analysis. The effects of light and temperature stresses on genetic 
expression analysis (n = 3) and Chl-a concentration (n = 3) were tested 
by analysis of variance (ANOVA), and multiple comparisons were con-
ducted with Tukey-HSD tests using MetaboAnalyst 4 tool (Chong et al., 
2018). Metabolomic data were treated using MetaboAnalyst 4 tool for 
Pareto’s normalization and Partial Least Squares-Discriminant Analysis 
(PLS-DA). The effects of light and temperature on metabolomic 
composition were tested by Permutational Analysis of Variance (PER-
MANOVA) using R software’s ade4 and vegan packages (R Core Team, 
2019). Principal Component Analysis (PCA) were made using R 
software. 

3. Results 

Overall, the high throughput qPCR, in vivo fluorescence measure-
ments and TEM techniques showed that the four Planktothrix strains 
exhibit clearly distinguishable responses when exposed to HL or HT, 
while untargeted metabolomics showed no significant or more moderate 
impact of these stresses (supplementary Figures A, B, C and D). The PCA 
(Fig. 2) representing the mean (n = 3) relative quantity of transcripts of 
the four strains in control condition or exposed to stresses revealed that 
Planktothrix strains had specific gene expression responses regarding the 
nature of stress as the first axis (31.8% of the variance explained by axis 
1), clearly separated samples exposed to HL (orange) from the ones 
exposed to HT (purple). The HL treatment had the most substantial 

effects on the expression of genes involved in photosynthesis (i.e. apcA 
and cpcA expression decreased of x2.2 for both in HL), photoprotection 
(i.e. frp, ocp, flv1, flv3 and hliA expression increased of x3.6, x1.7, x6.0, 
x5.1 and x61.4 in HL, respectively) and heat shock genes used as a 
marker of the general stress response (i.e. groEL, groES, hspA and hspG 
expression increased of x3.8, x3.1, x10.1 and x4.2 in HL, respectively) 
(Table 1). The HT treatment had the most substantial effects on genes 
involved in heat shock response (i.e. groEL, groES, hspA and hspG 
expression increased of x17.4, x13.4, x182.5 and x10.0 in HT, 
respectively). 

3.1. Specific responses of the strains to HL 

First, the expression patterns of the genes involved in photosynthesis, 
photoprotection and general stress response were globally similar for the 
four strains (Fig. 3a). These patterns showed a down-regulation of the 
expression of genes involved in photosynthesis (psaA, psbA, apcA, cpcA 
and fnr) and up-regulations of the expression of genes involved in 
photoprotection (frp, flv1, flv3 and hliA) or general stress response 
(groEL, groES, hspA and hspG). While these gene expression patterns 
were similar for the four strains, their answers differed noticeably 
(p<0.05, Tukey-HSD) from one strain to another for some specific genes. 
Notably, the up-regulation of frp, flv1, flv3 and hliA in the 126GreenMC- 
stress occurs early with the vigorous intensity of the response (value of 
expression factor of 9.4 ± 0.5, 4.5 ± 0.1, 16.0 ± 2.2, 10.0 ± 0.4 and 
155.6 ± 41.9, respectively; Fig. 3b). Regarding the recovery phase, the 
expression patterns of these genes were also globally similar for the four 
strains with still a down-regulation of the expression of genes involved 
in photosynthesis, and down-regulations of the expression of genes 
involved in photoprotection or general stress response. Nevertheless, the 
strong response in the genes involved in photoprotection in the 
126GreenMC- was still visible during the recovery phase with the up- 
regulation of frp and hliA only observed for this strain (value of 
expression factor 3.1 ± 0.6 and 35.7 ± 6.8, respectively; Fig. 3b). 

The mean of photosynthetic capability was used to characterize 
physiological responses (short-term responses, in seconds). The findings 
revealed that HL had a significant impact on photosynthetic capacity 
(Fig. 4). Under the HL stress (from T0 to T4), variable fluorescence (Fv) 

Fig. 2. Principal component analysis of the mean transcript abundance of 17 genes from the four Planktothrix strains (7805GreenMC-, 7821RedMC+, 
10110GreenMC+, and 126GreenMC-) under control condition (gray), HL (orange) or HT (purple) during stress phase (T0.3, T1 and T4). 
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decreased to reach a maximal inhibition of 81 ± 10%, while during the 
recovery phase under low light conditions (from T4 to T10), Fv 
increased. These results indicate that photosystem II (PSII) activity 
decreased during the HL stress and then increased during the recovery. 
The loss of PSII activity appears to vary from one strain to another. 

Notably, 7805GreenMC- PSII activity was more resistant to HL than 
others. After 4 h of HL, only 60% of the initial activity was lost in this 
strain, while others lost 90% of initial Fv. The recovery of the PSII ac-
tivity under low light conditions (from T4 to T10) was also faster in 
7805GreenMC- and completed by T7. 

Table 1 
Expression factors (mean of all strains) for Planktothrix exposed to high light or high temperature during stress and recovery phase compared to the control. NRPS: non- 
ribosomal peptide synthetase; PKS: polyketide synthase; MC: microcystin.  

Mechanism Gene Product High Light High Temperature 
Stress Recovery Stress Recovery 

Photosynthesis psaA photosystem I P700 chlorophyll a apoprotein A1 − 1.5 − 1.8 1.7 − 1.5  
psbA photosystem Q(B) protein 1 − 1.1 − 1.1 1.9 − 1.4  
apcA allophycocyanin alpha chain − 2.2 − 2.6 1.2 − 1.5  
cpcA C-phycocyanin alpha chain − 2.2 − 2.7 1.5 − 1.2  
fnr flavoprotein ferredoxin-NADP reductase − 1.1 − 1.6 1.3 − 1.2 

Photoprotection frp fluorescence recovery protein 3.6 1.3 − 4.0 1.2 
and oxidative ocp orange carotenoid protein 1.7 − 1.3 − 2.1 − 1.1 
stress flv1 flavodiiron proteins 1 6.0 − 1.3 1.9 1.1  

flv3 flavodiiron protein 3 5.1 − 1.3 2.9 − 1.1  
hliA high-light-induced protein A 61.4 9.5 1.2 1.2  
sodB superoxyde dismutase 1.2 − 1.0 1.2 − 1.2  
gor glutathione reductase − 1.2 − 1.3 − 1.2 1.0 

General stress dnaK 70 kDa heat shock protein dnaK 1.0 1.1 1.5 1.5 
responses groEL large subunit chaperonin GroESL 3.8 1.6 17.4 − 2.8  

groES small subunit chaperonin GroESL 3.1 1.4 13.4 − 4.3  
hslO 33 kDa heat shock protein HSLO 1.1 − 1.3 − 1.4 1.0  
hspA small heat shock protein HSPA 10.1 2.0 182.5 1.3  
hspG 90 kDa heat shock protein HSPG 4.2 − 1.4 10.0 − 2.0 

Microcystin mcyA NRPS, involved in MC biosynthesis 1.2 − 1.1 − 1.3 1.3 
synthesis mcyB NRPS, involved in MC biosynthesis 1.0 − 1.3 − 2.2 1.1  

mcyE NRPS/PKS hybrid, involved in MC biosynthesis 2.7 − 1.0 2.1 1.2 
Other secondary metabolites Mean expression factors of genes involved in aeruginosin, anabaenopeptin, microviridin, microginin synthesis in the range [− 2;2].  

Fig. 3. a) Expression of genes involved in photosynthesis, photoprotection and oxidative stress and general stress response under a 4-hour HL stress for the four 
Planktothrix strains (7805GreenMC-, 7821RedMC+, 10110GreenMC+, and 126GreenMC-). b) Mean expression factors (n = 3) of genes involved in photoprotection 
(frp, ocp, hliA, flv1 and flv3) for 7805GreenMC-, 7821RedMC+, 10110GreenMC+, and 126GreenMC- exposed to HL compared to the controls for the different 
sampling times. Dashed and solid lines delimit the expression factors outside of the intervals [− 1; 1] and [− 2; 2] respectively. frp, fluorescence recovery protein; ocp, 
orange carotenoid protein; flv1, flavodiiron proteins 1; flv3, flavodiiron proteins 3; hliA, the high-light-induced-protein A. 
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Metabolome composition appears to be affected by HL only for the 
7805GreenMC- strain (PERMANOVA, p<0.01; supplementary Figure D). 
The global metabolomic composition was shifted after 4 h of HL and is 
still observable after 24 h (Fig. 5). The Partial Least Squares- 
Discriminant Analysis (PLS-DA) and the associated scores of the Vari-
ables Importance in the Prediction (VIP) showed that the concentration 
of the majority of metabolites decreased when exposed to HL (supple-
mentary Figure E). Among the 33 metabolites detected in 
7805GreenMC-, 13 belong to secondary metabolites such as pre-
nylagaramide, aeruginosin, oscillapeptin, and cyanopeptolin. 

HL also had substantial effects on Planktothrix ultrastructure. As 
previously mentioned, the results concerning the impact of HL on 

ultrastructure showed that after 4 h of HL, thylakoids became less 
compact and interspaced by large clear electron vesicles (Djediat et al., 
2020). 

3.2. Strains also had specific responses under HT 

In the experimental conditions tested, HT only impacted the 
expression of genes related to general stress responses (groEL, groES, 
hspA and hspG), with an evident up-regulation observed during the stress 
and a down-regulation phase during the recovery (Table 1 and supple-
mentary Figure Fa). Maximal induction factors reached values of 60.0 ±
14.3, 51.6 ± 7.3 and 34.7 ± 23.9 for groEL, groES and hspG, respectively, 

Fig. 4. PSII activity (Fv/F0) under a 4-hour HL stress for the four Planktothrix strains (7805GreenMC-, 7821RedMC+, 10110GreenMC+, and 126GreenMC-).  

Fig. 5. Principal component analysis representing the metabolites production for 7805GreenMC- at T0, T4, T10 and T24 under a 4-hour HL stress.  
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while hspA got an induction factor of relative superior to 100 for the four 
strains (supplementary Figure Fb). 

HT did not significantly affect the chlorophyll content of the different 
strains (supplementary Figure G). Still, critical ultrastructural modifi-
cations on thylakoids (swollen and less compact) were observed for all 
strains after 4 h of HT (supplementary Figure C). In addition, large inter- 
thylakoidal spaces and a detachment of the cellular membranes result-
ing in the apparition of large intermembrane rooms were observed. 
Despite the striking effects of HT stress on the ultrastructure of the four 
strains, this stress only affected the PSII activity of 10110GreenMC+
with the most substantial impact after 4 h where Fv decreased by 29 ±
4% (Fig. 6). The impact on the PSII activity of 10110GreenMC+ was still 
visible at the first sampling time of the recovery phase (T7) where 16% 
of the initial activity was still lost in this strain. Nevertheless, we can 
note that PSII activity of 10110GreenMC+ returned to initial values at 
T10 and T24 highlighting a complete recovery of PSII activity within a 
day after the end of HT stress (Fig. 6). 

4. Discussion 

This study focused on cellular processes by using high throughput 
qPCR, untargeted metabolomics, in vivo fluorescence measurements, 
and TEM techniques to describe responses to HL and HT stresses in four 
Planktothrix strains. Red- and green-pigmented Planktothrix, represen-
tative of two planktic ecotypes, belonged to the same species as revealed 
by recent genomic analyses (Pancrace et al., 2017). The authors 
compared the genetic relationships between different Planktothrix 
strains using the fifteen genomes available in 2017 and applying a 
Maximum Likelihood method on 586 concatenated proteins and the 
ANIm values between all genomes. Both methods showed that 
P. agardhii and P. rubescens belong to the same species. The four selected 
Planktothrix strains exhibited global gene content similarities with a 
core-genome and strain-specific genomes (i.e. flexible genes) represent 
41.8% and 10.9–14.6% of the pan-genome respectively (Kim Tiam et al., 
2019b). The clustering of the four strains revealed a close relationship 
between the two strains, 7805GreenMC- and 126GreenMC-, while the 
7821RedMC+ and the 10110GreenMC+ were more distantly related 
(Kim Tiam et al., 2019b). Secondary metabolites gene clusters repre-
sented 1%–2% of the whole genome size; the strains possessed different 

secondary metabolites gene clusters resulting in a remarkable chemo 
diversity including MC and other secondary metabolites (e.g. pre-
nylagaramide, aeruginosin, oscillapeptin, cyanopeptolin) (Kim Tiam 
et al., 2019b). We then investigated the cellular responses to HL and HT 
stresses on these four strains regarding the red- and green-pigmented 
ecotypes, and the capacity to produce MC and secondary metabolites, 
and of different cellular mechanisms. Cyanobacteria responses were 
evaluated during stress and recovery periods in order to compare their 
tolerance to HL or HT but also their capacity to recover from such stress 
as strains with both a higher tolerance to stress and better recovery will 
be advantaged in the environment. The main results of this study 
showed that HL and HT stress-induced contrasted responses, whatever 
the biological level considered (genes expression, photosynthetic ca-
pacities, metabolites production, and ultrastructure modification) and 
that individual strains had specific responses visible not only during the 
stress phase but also during the recovery phase that interestingly ap-
pears not related to MC production nor their respective ecotypes. 

4.1. Strain-specific responses: The need to consider genetic diversity 

The results highlighted specificities at the genotype level besides the 
contrasting responses to HL or HT of the four studied Planktothrix 
strains. In other words, each genotype has individual capacities to 
respond to abiotic stresses. Among these variations, the photosynthetic 
capacities appeared less impacted for the 7805GreenMC- strain in HL 
conditions considering both the stress phase and the recovery phase. 
This result follows the recent findings on photosynthesis and photo-
protection mechanisms of three Planktothrix strains. Djediat et al. (2020) 
found that 7805GreenMC- was characterized by more efficient recovery 
machinery as the better resistance to HL was related to a better 
replacement of the damaged D1 protein. Up-regulations of psbA is 
observed during the first minutes (Kulkarni et al., 1992) or hours 
(Huang et al., 2002) of HL stress. The D1 protein (i.e. encoded by the 
psbA gene) has a fast turnover since it is the main target of damages 
caused by oxidative stress due to light and is sacrificed to avoid the 
destruction of PSII. 

Moreover, the lower impact of HL on the photosynthetic capacities of 
7805GreenMC- was associated with a modification of its intracellular 
metabolome characterized by a decrease of concentration of the 

Fig. 6. PSII activity (Fv/F0) under a 4-hour HT stress for the four Planktothrix strains (7805GreenMC-, 7821RedMC+, 10110GreenMC+, and 126GreenMC-).  
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majority of metabolites including secondary metabolites such as pre-
nylagaramide, aeruginosin, oscillapeptin and cyanopeptolin. Producing 
secondary metabolites has a high energetically cost because their pro-
duction involves giant enzymes (Christiansen et al., 2003). We hy-
pothesized that in Planktothrix 7805GreenMC- cells reallocated energy 
dedicated to secondary metabolites synthesis to reducing damages 
caused by HL (e.g. production of molecules involved in photoprotection, 
replacement of proteins damages by HL). Differences in sensitivity be-
tween strains also appeared facing HT as photosynthetic capacities were 
much more impacted for 10110GreenMC+. 

The response of 126GreenMC- exposed to HL differed from the other 
strains regarding the higher impact of genes involved in photoprotection 
(Fig. 3b). Actually, it is interesting to note that the stronger up- 
regulation of these genes in the 126GreenMC- was not concomitant 
with a higher impact on photosynthetic capability (Fig. 4). To explain 
this result, we could hypothesize that the strong up-regulation observed 
in 126GreenMC- was particularly efficient in order to limit the damages 
caused by HL. Indeed, it seems that the very strong up-regulation of frp, 
flv1, flv3 and hliA allows 126GreenMC- to maintain its photosynthetic 
capability at the same level than 7805RedMC+ and 10110GreenMC+. 
The sensitivity of this strain to similar HT was previously demonstrated 
with a notable incapacity to survive at 30 ◦C (Gaget et al., 2015). 

The four studied Planktothrix strains had similar global responses to 
either HL or HT (i.e. HL mainly impacted photosynthesis-related pro-
cesses as shown previously in a transcriptomic study in the cyano-
bacterial model Synechocystis sp. PCC 6803 (Huang et al., 2002) while 
HT mainly impacted HSPs expression), but also that the responses to 
these abiotic stresses are strain-specific (i.e. 7805GreenMC- is the least 
impacted by HL while 10110GreenMC+ is the most impacted by HT). 
This study increased knowledge about relative sensitivity of Planktothrix 
strains to HL and HT. Our results showed that 7805GreenMC- was more 
tolerant to HL than 126GreenMC-, 7821RedMC+ and 10110GreenMC+
(Fig. 4) while 7805GreenMC-, 126GreenMC- and 7821RedMC+ were 
more tolerant to HT than 10110GreenMC+ (Fig. 6). In the environment, 
both stresses usually occur at the same time. Considering these results 
about the relative sensitivity of the four strains to HL or HT, we could 
hypothesize that 7805GreenMC- will be the most tolerant to a combined 
stress HL+HT while 10110GreenMC+ will be the least tolerant. These 
strain-specificities allow us to understand better how Planktothrix 
blooms may be able to last over a considerable period (up to several 
years) and develop in various environments (Briand et al., 2005). 
Although our study using high throughput qPCR, in vivo fluorescence 
measurements, untargeted metabolomics, and TEM enabled us to eval-
uate the effect of HL and HT on several Planktothrix genotypes, it 
certainly does not consider the whole genetic diversity of the natural 
population encountered in the aquatic environments. Field studies 
performed during the two last decades gave precious information about 
blooms dynamics and their genetic diversity (e.g. Briand et al., 2008, 
Sabart et al., 2010). They showed that cyanobacterial blooms are often 
dominated by several genotypes of the same species from which the 
relative proportions vary over time in response to environmental factor 
fluctuations. For instance, variations in the ratio of the different geno-
types were recorded in a perennial bloom of P. agardhii over a 2-year 
survey (Briand et al., 2008). Such genotypes successions were also 
described in blooms dominated by others cyanobacteria such as Micro-
cystis (Sabart et al., 2010). 

4.2. MC producers do not cope better to HL or HT and MC content does 
not increase in response to such stresses 

The negative impacts caused by the development of cyanobacterial 
blooms involve the production of cyanotoxins, including MC. In this 
context, numerous studies (mainly focused on Microcystis) have been 
carried out to understand better the link between MC production and 
environmental factors (recently reviewed by Chorus et al., 2021; Mas-
sey et al., 2020; Omidi et al., 2018). These studies can be classified into 

three groups: how environmental factors affect i/ intracellular MC 
concentrations, ii/ regulation of the MC gene cluster, and iii/ MC pro-
ducers and non-MC producers. Laboratory studies have shown that MC 
content increased with light intensity until optimal light growth and 
decreased under light-saturated development after seven days (Utkilen 
and Gjølme, 1992; Wiedner et al., 2003). We could wonder if the 
decrease of MC content under light-saturated conditions observed in 
these studies traduced a reallocation of energy from MC synthesis to 
mechanisms linked with stress coping. Actually, producing MC has a 
high energetically cost because MC is synthesized nonribosomally via a 
giant enzyme complex comprising peptide synthetases, polyketide syn-
thases (PKSs), and additional modifying enzymes. The genes needed for 
the biosynthesis of MC are included in a 55-kb cluster (Christiansen 
et al., 2003). Other studies did not report significant trends in MC 
content from cells grown under different light intensities (Kaebernick 
et al., 2000; Song et al., 1998) despite a change in the ratio of MC var-
iants (Tonk et al., 2005). Similar results were obtained with tempera-
ture. It was found that increasing temperature up to optimal growth 
values enhanced MC content, while it decreased when temperatures 
exceeded its optimal level (Mowe et al., 2015; van der Westhuizen and 
Eloff, 1985). Whereas studies evaluating the MC content from cells 
grown under different light intensity or temperatures (like those cited 
above) are abundant, studies assessing the impact of fluctuating light 
intensity or temperature remain scarce. To our knowledge, this study is 
the first to assess the impact of a sudden increase in light intensity or 
temperature on MC and other metabolites content. Moreover, it revealed 
that these short-term stresses did not increase MC content. 

Other works aiming to unravel the link between environmental 
factors and MC production have focused on regulating the MC biosyn-
thesis gene cluster (Kaebernick et al., 2000; Sevilla et al., 2010; Tonk 
et al., 2005). These studies reported that HL increased the expression of 
the cluster. Our results follow the studies cited above since an 
up-regulation of the mcyE was observed during HL stress in Planktothrix. 
This up-regulation was not followed by a detectable increase of MC 
intracellular content during the 20 following hours. This last point un-
derlines the need to link better the mcy gene cluster regulation and the 
MC production that is not strictly linear. 

Finally, the third group of studies has focused on understanding how 
environmental factors could regulate cyanobacterial community 
composition, particularly looking at MC producers and non-MC pro-
ducers. Several studies found that HL could favor MC producers (LeB-
lanc Renaud et al., 2011; Tran et al., 2013) and that HT promoted the 
frequency of MC producers over non-MC producers (Davis et al., 2009; 
Lehman et al., 2013; Yu et al., 2014). Our study did not support these 
findings since the tolerance to HL or HT is not related to the presence or 
absence of the MC gene cluster. 

5. Conclusion 

Altogether, these data demonstrate that HL and HT impact different 
cellular processes on Planktothrix and strain-specific Planktothrix re-
sponses. While some strains struggle to maintain photosynthesis in 
stressful conditions, others cope with them. This genotype diversity 
contributes to explaining the success of Planktothrix blooms in lakes 
presenting different environmental characteristics (i.e. deep alpine lakes 
or shallow urban lakes) and over a perennial period. Investigating the 
cellular mechanisms considering different cellular levels (transcrip-
tional, metabolomic, physiological and ultrastructural) underlie stress 
response regulation in Planktothrix is heterogeneous. This heterogeneity 
should exist within the cyanobacterial population and is one way for 
cyanobacteria to adapt to large spectra of environments and/or quick- 
time adaption to abiotic factors within one local environment. Accord-
ing to our results, MC producers do not cope better to HL or HT and MC 
content does not increase in response to such stresses. As changes related 
to global warming would extend the severity of harmful cyanobacterial 
blooms (Chorus et al., 2021; Manning and Nobles, 2017; Massey et al., 
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2020; Omidi et al., 2018), studies on the genetic diversity within 
monospecific population and genotypes-stress responses are a way to 
understanding better physiological traits that may support bloom 
dynamics. 
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