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Abstract

In the context of global change and enhanced toxic cyanobacterial blooms,

cyanobacterial transfer to estuaries is likely to increase in frequency and intensity

and impact animal and human health. Therefore, it is important to evaluate the

potential of their survival in estuaries. In particular, we tested if the colonial form

generally observed in natural blooms enhanced the resistance to salinity shock

compared to the unicellular form generally observed in isolated strains. We tested

the impact of salinity on two colonial strains of Microcystis aeruginosa, producing

different amounts of mucilage by combining classical batch methods with a novel

microplate approach. We demonstrate that the collective organization of these

pluricellular colonies improves their ability to cope with osmotic shock when

compared to unicellular strains. The effect of a sudden high salinity increase (S ≥ 20)

over 5 to 6 days had several impacts on the morphology of M. aeruginosa colonies.

For both strains, we observed a gradual increase in colony size and a gradual

decrease in intercellular spacing. For one strain, we also observed a decrease in cell

diameter with an increase in mucilage extent. The pluricellular colonies formed by

both strains could withstand higher salinities than unicellular strains studied

previously. In particular, the strain producing more mucilage displayed a sustained

autofluorescence even at S = 20, a limit that is higher than the most robust

unicellular strain. These results imply survival and possible M. aeruginosa prolifera-

tion in mesohaline estuaries.
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1 | INTRODUCTION

Freshwater cyanobacterial blooms have been reported worldwide

(Merel et al., 2013) and their proliferation together with their

estuarine expansion has been increasing in recent years as a result of

anthropogenic activities including eutrophication and climate

warming (O'Neil et al., 2012; Paerl et al., 2018). These blooms

represent environmental and human health hazards, as many species

produce toxins harmful to animals and humans (Svirčev et al., 2017;

Wood, 2016). The most common cyanotoxin detected in these

blooms is microcystin produced by several species, including

Microcystis (Harke et al., 2016). The transfer of cyanobacteria along
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the freshwater‐marine continuum has been observed worldwide (see

Preece et al., 2017, for a review). Environmental studies show that

Microcystis aeruginosa dominates these cyanobacterial transfers

downstream as a result of its tolerance for high salinities (Tonk

et al., 2007) in variable degrees among strains (Georges des Aulnois

et al., 2019). At the single‐cell level, this resistance is mediated by the

discharge and uptake of water in the cell (Hagemann, 2011; Kirsch

et al., 2019). However, most environmental strains form pluricellular

colonies packed within a layer of mucilage whose protective role

remains unclear.

In their natural habitat, Microcystis colonies produce mucilage

composed of exopolysaccharides, proteins, lipids, and nucleic acids to

form scums (Liu et al., 2018; Reignier et al., 2023). Although the

ecological impact of cyanobacteria colonies is still debated, some

environmental conditions have been identified as proliferation

factors: eutrophication of waters, a high concentration of calcium,

magnesium, or lead, an increase in temperature, or the presence of

other cyanobacteria and heterotrophic bacteria (Drugă et al., 2019;

Sampognaro et al., 2020; Xiao et al., 2017). This colonial lifestyle is

advantageous as it offers resistance to a host of biotic and abiotic

threats and hence ensures better proliferation.

The impacts of salinity on natural colonies dominated by M.

aeruginosa have been described in several publications including an

enhanced production of mucilage, an increase in colony size, the

reduction of intercellular space, the increase of cellular density within

the colony (Kruk et al., 2017; Reignier et al., 2023; Sampognaro et al.,

2020) and the decrease of growth rate (Kruk et al., 2017; Orr et al.,

2004; Robson & Hamilton, 2003; Sellner et al., 1988).

Most strains of Microcystis that have been isolated from the

environment will stop forming colonies when cultivated in the ideal

growth conditions of a laboratory, where they usually adopt a

unicellular lifestyle. Alongside other microbial biofilms, the colonies

they form in their natural habitat are interpreted as a response to

environmental stresses. Some isolated strains do retain the ability to

produce mucilage and keep a colonial form in the early stages after

isolation, but they produce less mucilage than natural colonies, and

that ability is often lost as the isolated strains get older (Piccini et al.,

2022; Wang et al., 2011). Because of these experimental limitations,

the physiological responses of isolated strains of M. aeruginosa facing

environmental stresses remain elusive. Particularly, the impact of

salinity upon colonial forms of M. aeruginosa isolated strains is not

known. This study focuses on the morphological and physiological

responses of two isolated colonial strains of M. aeruginosa exposed to

different salt concentrations mimicking the different phases of a

land–sea transfer. Two complementary experimental approaches are

used here: common batch cultures and a novel approach with a

purposely built microplate to follow the time evolution of individual

colonies.

2 | MATERIALS AND METHODS

2.1 | Biological material and culture conditions

Two isolated colonial M. aeruginosa strains were used for the

experiments. Both strains were provided by the Paris Museum

Collection (PMC). They were nonaxenic cultures but the process of

isolation and rinsing together with the mineral culture medium

ensured that the amount of bacteria was very limited. The strains

were transported in sterile containers and manipulated under a PSM

to minimize bacterial contamination.

The first strain was M. aeruginosa PMC 1262.20 originating from

Saintes Maries de la Mer in France and isolated in 2020. When grown in

the control medium of BG11, these colonies had a diameter ranging from

100 to 200µm and the cells had a diameter of 4µm. The mucilage was

thin and barely extended beyond the cells (Figure 1a). The colonies were

sinking to the bottom of the culture medium.

The second isolated strain was M. aeruginosa PMC 1323.21

originating from Pannecière reservoir in France and isolated in 2021.

The colonies of this strain in the control medium of BG11 were much

larger than the previous one as they extended up to 2mm in

diameter. The cells had a similar diameter of 3.5 µm. The mucilage

was thicker than the previous strain and extended further beyond the

cells (Figure 1b) and the colonies floated to the surface of the culture

medium. This strain was chosen to test if its resistance to a salinity

increase was enhanced by the larger mucilage extent.

F IGURE 1 (a) Microcystis aeruginosa Paris Museum Collection (PMC) 1262.20 colonies and (b) M. aeruginosa PMC 1323.21 stained with
Chinese ink to visualize the mucilage and observed with an optical microscope.
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Both strains were cultured in BG11 medium at 22°C and a light

intensity of 40 µE/m2/s with a photoperiod of 14/10 h. The cultures

were regularly monitored by epifluorescence microscopy for bacterial

contamination.

2.2 | Staining protocols

Different staining protocols were used during the experiments to

observe the physiological and morphological effects of salinity on the

M. aeruginosa strains.

Chinese ink was used to show the extent of the mucilage as it is

impermeable to it (mostly because the ink is composed of various

particles and resins). The mucilage was then visualized as shown in

Figure 1. A drop of classic Chinese ink on the sample before putting a

cover slide was enough to visualize the mucilage. Measurements

were achieved by the combination of a Sony digital camera mounted

on an Olympus BX50 optical microscope, ×10, ×20, and ×60

objectives, and the Pegase imaging software.

The viability of the cells within the colonies was tested with

SYTOX® Green Nucleic Acid stain (Molecular Probes; Invitrogen) for

visualization of cyanobacterial cells with permeable membranes. The

use of SYTOX® Green is based on the exclusion of the dye by cells

with structurally integral membranes. The fluorophore penetrates

damaged cells and exhibits the green fluorescence of nucleoids. We

used an Olympus BX41 epifluorescence microscope equipped with a

cool Led PE‐300 white light, with an excitation filter at 460–490 nm

and an emission filter at 520 nm. After different concentration trials,

the final concentration of SYTOX® Green retained was 1 µM as

suggested by Tashyreva et al. (2013).

2.3 | Batch experiments

For these experiments, colonies of both strains were grown in BG11

medium in Erlenmeyer flasks and kept in an exponentially growing

phase. On Day 0, triplicates of 7 mL of BG11 with the addition of

NaCl to reach the required salinities of S = 0, 10, and 30 for strain

1262.20 and of S = 0, 10, 20, and 30 for strain 1323.21 were

transferred to 15mL Falcon tubes. One milliliter of culture with an

initial concentration of 8000 colonies/mL was centrifuged and the

cell pellet was added to the culture media, corresponding to

~1200 colonies/mL. The batch cultures were stored in a growing

chamber at 22°C and under a light intensity of 40 μE/m2/s with a

photoperiod of 14/10 h.

The cellular viability and the volume of colonies were measured

on the initial culture at Day 0, and in the different modalities on Days

1, 3, 5, and 7 for strain 1262.20 and on Day 6 for strain 1323.21.

Colonies were fixed with a solution of 1% lugol for the measure of

volume and cell counts performed on the next day (Meriluoto et al.,

2017). The volume of colonies was inferred from the measure of the

two horizontal axes and assumed the vertical axis was equivalent to

the smaller of the two horizontal ones, as suggested by Sampognaro

et al. (2020). A second batch experiment was performed in duplicates

in 50mL flasks over 3 days with the same salinities as in the first

experiment to confirm the observations over that period. Cell counts

and colony volumes were performed on an optical microscope in a

Nageotte cell of 0.5 mm depth to avoid the spreading of the colonies

by squeezing (Coudert et al., 2014; Meriluoto et al., 2017). The

observations of the mucilage extent were achieved by adding one

drop of Chinese ink between the slide and the slide cover to mark the

colony contour. Cell size and intercellular space within colonies were

measured on the Olympus BX50 optical microscope.

2.4 | Microplate experiments

The microplate used during these experiments was made of poly-

dimethylsiloxane (PDMS). This PDMS microplate lets O2 and CO2 gas

exchange through the polymer. Hence, the microplate can be sealed to

prevent evaporation and salt concentration in the wells. To create the

microplate, 5 g of SYLGARD™ 184 Silicone Elastomer Curing Agent was

added to 50 g of SYLGARD™ 184 Silicone Elastomer Base. The mixture

was then placed under vacuum bell jar until all the bubbles disappeared

from the mixture (usually after 20–30min). The mixture was then poured

onto a mold under vacuum bell jar for another 5min and placed at 65°C

to harden overnight. The microplate consisted of 18 wells (of a similar

diameter to the typical 96 wells plate).

Each salinity concentration was prepared using a BG11 medium

at 100 g/L of NaCl mixed with a classic BG11 medium to obtain

culture media at S = 0, 10, 20, and 30. In each well, 180 µL of each

salinity medium were added in triplicate to the microplate together

with five colonies of either M. aeruginosa strain 1262.20 or M.

aeruginosa PMC 1323.21. A positive control well was added with

colonies exposed to 70% ethanol for 12 h before exposure to BG11

medium. This positive control gave the basal level of autofluores-

cence in the experiment where the autofluorescence is monitored as

a proxy of chlorophyll photosynthesis.

The microplate filled with the different salt concentrations was

placed under an inverted microscope (Leica DMi8) linked to a digital

camera (Hamamatsu Orca Flash 4.0, SCOP PRO) with a time‐lapse

software recording in live mode. Pictures of the wells were taken

every 10 h for 5 or 6 days and then processed with ImageJ software

to calculate the colony's autofluorescence intensity. The temperature

was fixed at 20°C and the natural light had a photoperiod of 14/10 h.

The excitation canal was at 640 nm and the emission filter was at

wavelengths 662–738 nm.

2.5 | Statistical tests

All of the data were evaluated on individual sampling dates by one‐

way analysis of variance with Tukey's tests to identify differences

between treatments and the control. Statistical tests and graphics

have been performed using the “pairwise_tukeyhsd” method of the

MultiComparaison function of the StatsModel python library.
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Significant differences are indicated by asterisks (*p < 0.05;

**p < 0.01).

3 | RESULTS AND DISCUSSION

3.1 | Batch experiments

3.1.1 | Morphological changes

The aim of the batch cultures was to observe the effects of salinity on

the morphology of the cells and colonies, and the extent of the

mucilage at different salinities: S = 0, 10, 20, and 30 over several days

of exposure. These salinities represent salinities measured during the

transfer of Microcystis along the continuum from freshwater to

estuary (Bormans et al., 2019). The change of volume of both

colonies and cells with time was monitored in triplicates for each

modality using an optical microscope. The extent of the mucilage was

monitored through the extent of Chinese ink as reported by Piccini

et al. (2022).

Strain 1262.20

We monitored the volume of colonies, the spacing between cells, and

the size of cells. The volume of colonies varied both with salinity and

with time (Figure 2a). The largest colonies were observed at S = 30.

The statistically significant increase in volume observed after 1 day of

exposition to high salinity (S = 30) was confirmed in a second

experiment which lasted 3 days. This experiment also exhibited a

significant increase in the volume of colonies on Days 1 and 2 at

S = 30, while no significant changes were observed at S = 10 or in the

control (S = 0) (Figure 2b). The large extent of the boxplots at S = 30

(Figure 2a,b) was associated with variabilities within each replicate

rather than between replicates.

Figure 3 exhibits examples of colony size at different salinities on

Day 2. The Chinese ink does not penetrate inside the colonies and at

high salinity (S = 30) the colonies appear to result from the

aggregation of smaller colonies rather than from cellular division.

This increase of colony size with salinity was also reported on natural

colonies by Sellner et al. (1988), Wang et al. (2022) and Sampognaro

et al. (2020). Given the time scale, we assume that the colony size

increase at high salinity results from aggregation and not cell division.

High concentrations of calcium (Ca+2) (Wang et al., 2011), and other

cations (Mg+2) present in natural waters (Drugă et al., 2019) have

been reported to trigger aggregations of Microcystis colonies.

Dervaux et al. (2015) have suggested that the aggregation occurred

as a result of the flocculation between anionic extracellular polymeric

substances and nutrient‐associated cations with a flocculation

decrease with the ion valency, hence Ca+2 has higher flocculating

power than Na+. This mechanism could explain the results obtained

here at high salinity. The increase in colony size at high salinity has

some ecological implications as it is likely to reduce predation and

increase buoyancy leading to enhanced Microcystis proliferation.

The spacing between cells within the colonies also varied with

salinity, with statistically significant smaller spacing at high salinity

(Figure 4). This effect of smaller intercellular spacing within colonies

with increasing salinity was also reported by Sampognaro et al. (2020)

for natural colonies. They reported that intercellular spacing

decreased with salinity shock up to S = 25.

We also measured the cell size at different salinity exposures but

we did not find any statistically significant variations either with time

or with salinity (Figure 5). Some previous studies based on unicellular

Microcystis indicated that cell size could be affected by salinity due to

mechanisms associated with uptake and release of water (Georges

des Aulnois et al., 2019; Hagemann, 2011) within few hours after

exposure. The fact that we did not observe any changes on average

cell size might be due to the timing of analyses as the first

measurement was made after 24 h of exposure. Our results are

similar to those of Tonk et al. (2007) who did not find any changes in

cell size during the first 4 days after exposure while exposing a M.

aeruginosa strain to a salt shock.

The extent of the mucilage beyond the colony boundaries did not

change with time or with salinity, as observed with Chinese ink.

(a) (b)

F IGURE 2 (a) Time evolution of colonies' volume (boxplot with the median as line and mean as diamant, n = 26) for strain 1262.20 as a
function of salinity. Statistical differences were tested on each sampling day of the experiment (**p < 0.01). (b) Time evolution of colonies'
volume (boxplot with the median as line and mean as diamant, n = 40) for strain 1262.20 as a function of salinity. Statistical differences were
tested on each sampling day of the experiment (**p < 0.01).
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Strain 1323.21

Cell diameters were measured on several colonies as a function of

salinity on Day 5. Our results show that cell size varied with

increasing salinity displaying a statistically significant increase at low

salinity followed by a steady decrease at higher salinities as shown in

Figure 6. Cells at S = 30 are, however, most likely lysing or lysed as

the cellular viability will show hereafter. The increase in cell size at

low salinity (S = 10) is in line with the results of Wang et al. (2022).

For natural colonies collected in situ and directly fixed in Lugol, the

authors demonstrated by scanning an electronic microscope an

increase in cell size of Microcystis from 2.42 to 2.71 µm at salinities

respectively of S = 0 and 12. The decrease in cell size at higher salinity

(S > 10) was also observed by Tonk et al. (2007) and Georges des

Aulnois et al. (2019) on salt‐acclimated strains of M. aeruginosa. In

particular, Tonk et al. (2007) suggested that osmoregulation was

exceeded and that the cells were notwithstanding the high turgor

pressure. Based on previous studies together with the present one,

the effect of salinity on cell size seems to vary between strains, timing

after exposure, and environmental conditions.

For this strain, at high salinities, it was not possible to accurately

measure the intercellular spacing given the large density of cells in

these colonies. This was interpreted as a qualitative indication that

the intercellular spacing was very small, especially at higher salinities.

Chinese ink was used to test the extent of the mucilage on Day

5. Measurements performed with an optical microscope on colonies

indicated a tendency for the maximum mucilage width beyond the

cells to increase with increasing salinity, with values ranging from

F IGURE 3 Representative examples of colony size on Day 2 at salinities (a) S = 0, (b) S = 10, (c) S = 30.

F IGURE 4 Time evolution of intercellular spacing within colonies
as a function of salinity (mean ± SD, n = 15). Statistical differences
between treatments were tested on each sampling day of the
experiment (*p < 0.05; **p < 0.01).

F IGURE 5 Time evolution of cell diameter as a function of
salinity (mean ± SD, n = 20).

F IGURE 6 Measurements of cell diameter as a function of salinity
at Day 5 (mean ± SD, n = 10). Statistical differences between
treatments were tested (*p < 0.05; **p < 0.01).
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43 μm at S = 0 to 105 μm at S = 30. These results are consistent with

those observed in natural colonies by Sampognaro et al. (2020).

3.1.2 | Physiological changes

For both strains, we monitored the cellular viability using epifluor-

escence microscopy and the SYTOX Green fluorochrome. Figure 7

displays the time mosaics for strain 1262.20 as a function of salinity.

While the great majority of cells (marked red) were viable at S = 0, at

S = 10 a significant proportion was marked green (dead cells), while all

of the cells at S = 30 were marked green (as dead cells).

The percentage of dead cells as a function of time is presented in

Figure 8. It is interesting to note that a nonnegligible variation in

viability exposed to low salinity is observed in both Figures 7 and 8.

Similar results were reported by Rosen et al. (2018) in a United States

Geological Survey report. These authors showed that the cell viability

decreased steadily with salinity increase up to S = 30. They also

observed a nonnegligible variability within each condition, especially

at high salinity with some colonies completely dead while others

were still quite viable. While their results were based on natural

colonies from the bloom of several Microcystis species, the dominant

species was M. aeruginosa, and the shape of the colonies was

definitively attributed to M. aeruginosa. Physiological variation among

a population is logical as all the cells are not in the same phase of

development even under cultured conditions.

F IGURE 7 Time mosaics of colonies viability of strain 1262.20 as a function of salinity observed by epifluorescence microscopy using
SYTOX Green fluorochrome.

F IGURE 8 Percentage of dead cells as a function of time and
salinity for strain 1262.20 (mean ± SD, n = 30). The statistical
difference with the control was tested on each sampling day
(*p < 0.05; **p < 0.01).
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Cellular viability using SYTOX Green fluorochrome by epifluor-

escence microscopy was also tested for strain 1323.21 on Day 0 and

at the end of the experiment on Day 6 (t = 144 h).

On Day 6 (Figure 9), while the great majority of cells (marked red)

were still viable at S = 0, at S = 10, a significant proportion (more than

50%) was marked green (dead cells), while all of the cells at S = 30

were marked green (as dead cells). An exact proportion of dead cells

at S = 20 was not possible due to the high cell densities. However,

this result indicates that some cells were still alive, suggesting a

higher salinity threshold than unicellular strains which never grew

beyond S = 15 (Black et al., 2011; Georges des Aulnois et al., 2020;

Qiu et al., 2022).

3.2 | Microplate experiments

The experiments using a purposely built microplate allowed us to

isolate a few colonies per well and follow their evolution in time

under a fixed condition, here salinity and ethanol without evapora-

tion. Indeed, the sealed microplate made of PDMS let the transfer of

gas (i.e., O2 and CO2), which is crucial for photosynthetic organisms.

These experiments were run simultaneously with the batch experi-

ments from the same initial culture to obtain complementary results.

3.2.1 | Strain 1262.20

In this experiment which lasted 5 days, we used a microplate with

three wells per modality. Different salinity exposures of S = 0, 10, 20,

and 30 as well as exposure in ethanol used as a basal level of

autofluorescence were tested. The results presented in Figure 10

show that even at S = 30 the level of autofluorescence was much

higher than the basal level under the ethanol exposure. At zero and

low salinity exposure (S = 10) the autofluorescence did not decrease

with time over the 5 days while it decreased after 3 days at higher

salinities (S = 20 and S = 30). After 5 days, the autofluorescence under

S = 0 and S = 10 was much larger than for higher salinities of S = 20

and S = 30. These results indicate as expected some positive trend in

chlorophyll fluorescence at zero salinity, and no trend at low salinity

while high salinities of S = 20 and 30 have a considerable negative

impact on the autofluorescence of colonies that are dead after 5 days

as seen by the viability of cells (Figure 8). The level of autofluores-

cence in the salinities exposures remained higher than the basal level,

suggesting a contribution from the phaeopigments to the autofluor-

escence signal (Le Rouzic et al., 1995).

3.2.2 | Strain 1323.21

We performed the same experiment with the microplate over 6 days

with the M. aeruginosa colonial strain PMC 1323.21. We tested the

autofluorescence after exposure at the same salinities S = 0, 10, 20,

and 30 as well as after ethanol exposure.

The results presented in Figure 11 show a concentration‐

dependent response with lower autofluorescence at higher salinities.

F IGURE 9 Cellular viability by epifluorescence microscopy at Days 0 and 6 for strain 1323.21 as a function of salinity.

F IGURE 10 Time evolution of autofluorescence intensity for
different salinities and ethanol exposures for strain Paris Museum
Collection 1262.20 (mean ± SD, n = 10). Statistical differences with
the control were tested on the first and last days of the
experiment (**p < 0.01).
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For all the salinity concentrations, there was a decrease in

autofluorescence after 1 day. That decrease was also observed

further in time at high salinity. This is consistent with the results

observed for the first strain. These results indicate that after 6 days

of exposure to salinities of up to S= 20 Microcystis colonies still

maintain a high level of autofluorescence suggesting a higher salinity

threshold than unicellular strains (Georges des Aulnois et al., 2020;

Tonk et al., 2007). These results of autofluorescence confirm those of

the cellular viability of the colonies and suggest a high salinity

threshold for this strain producing larger colonies and more extended

mucilage. It is interesting to note that similar to the results of the first

strain (Figure 10), the autofluorescence at low salinity exposure is

higher than that of the control. Microcystis (both as unicellular and

colonial cells) exposed to low salinity have been reported to exhibit a

better physiological state (Georges des Aulnois et al., 2020;

Hagemann, 2011) and even growth rate (Robson & Hamilton,

2003) than the control. Again, all autofluorescence levels are

significantly higher than the basal level for the first strain.

4 | CONCLUSION

The effect of a sudden high salinity increase (S≥20) over 5–6 days had

several impacts on the morphology of M. aeruginosa colonies from two

colonial strains. For both strains, we observed an increase in colony size,

most likely from aggregation and a decrease in intercellular spacing. This

increase in colony size has some ecological implications as it is likely to

reduce predation and increase buoyancy leading to enhanced Microcystis

proliferation. For one strain (the sinking one), we did not observe any

change in cell size or mucilage extent while for the other strain (the

floating strain) we observed a decrease in cell diameter together with a

gradual increase in mucilage extent suggesting intraspecies variability also

observed in unicellular M. aeruginosa.

The effect of salinity had also several impacts on the physiology

of Microcystis colonies with a higher autofluorescence at low salinity

compared to the control and similar cellular viability for both strains.

High intrapopulation viability variability within one stress condition

was, however, observed, suggesting different physiological statuses

of individual colonies and even between cells within a colony. A

higher cellular viability threshold than reported for unicellular strains

was observed for both strains. Moreover, the strain producing more

mucilage displayed a sustained autofluorescence even at S = 20 but

this threshold still does not allow possible survival at marine salinity

levels. The isolated strains displayed less mucilage than natural

colonies, still, the mucilage seems to act as a protection against

salinity stress. This result suggests that colonies embedded in

mucilage are likely to survive in estuaries, as natural colonies

potentially may have an even higher salinity tolerance threshold.

This finding has important health implications for the organisms in

estuaries likely to be exposed to these potentially toxic cyanobacter-

ia. It also has major economic implications for the shellfish industries

located in estuaries. Studying explicitly the mucilage composition of

natural colonies under a salinity stress gradient would help in

understanding more precisely their ecological role against osmotic

stress and if the cyanobacteria can adapt their mucilage composition

to overcome that particular stress.

The purposely built microplate allowed us to monitor the time

evolution of individual colonies over several days. It would be

interesting to test this microplate device on natural colonies and by

extension use microfluidics to monitor the evolution of individual

colonies under more complex environmental gradients.
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