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Abstract
The transfer of toxic cyanobacterial Microcystis blooms from freshwater to
estuaries constitutes a serious environmental problem worldwide that is
expected to expand in scale and intensity with anthropogenic and climate
change. The formation and maintenance of Microcystis in colonial form is
conditioned to the presence of extracellular polymeric substances (EPS). In
this study, we attempted to better understand how the mucilaginous colonial
form of Microcystis evolves under environmental stress conditions. In partic-
ular, we studied and compared the production and the composition of EPS
fractions (attached and free) from natural colonies of a Microcystis bloom
and from a unicellular M. aeruginosa strain under salinity and nutrient stress
(representing a land-sea continuum). Our results highlighted a greater pro-
duction of EPS from the natural colonies of Microcystis than the unicellular
one under nutrient and combined stress conditions dominated by the
attached form. In comparison to the unicellular Microcystis, EPS produced
by the colonial form were characterized by high molecular weight polysac-
charides which were enriched in uronic acids and hexosamines, notably for
the free fraction in response to increased salinities. This complex extracellu-
lar matrix gives the cells the ability to aggregate and allows the colonial cya-
nobacterial population to cope with osmotic shock.

INTRODUCTION

Microcystis is one of the most common toxic cyanobac-
terial genus able to proliferate worldwide in eutrophic
freshwater environments (Preece et al., 2017). This
genus forms colonies embedded in a mucilaginous
matrix, and may proliferate into large floating biomass
leading to ecological disturbances and representing a
health risk for both humans and animals due to their
capacity to produce toxins (Lance et al., 2010;
Meriluoto et al., 2017; Metcalf et al., 2012). As nutrients
and temperature are the main factors influencing
cyanobacterial growth, the frequency, severity and
duration of these mucilaginous Microcystis blooms are

increasing due to eutrophication and climate change
(O’Neil et al., 2012; Paerl et al., 2018; Preece et al.,
2017; Rigosi et al., 2014).

The formation and maintenance of Microcystis in
colonial form is conditioned to the presence of extracel-
lular polymeric substances (EPS) (Chen et al., 2019;
Xiao et al., 2019; Yang et al., 2008; Zhu et al., 2014).
Microcystis EPS take the form of a mucus envelope
sticking cells to each other known as mucilage. These
EPS affect significantly the surface properties of the
cells by electrostatic binding (Liu & Fang, 2002) or poly-
mer bridging (Vogelaar et al., 2005) and consequently,
have a strong impact on Microcystis aggregation and
colony formation (Van Le et al., 2022).

Received: 14 April 2023 Accepted: 22 August 2023

DOI: 10.1111/1758-2229.13200

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 The Authors. Environmental Microbiology Reports published by Applied Microbiology International and John Wiley & Sons Ltd.

Environmental Microbiology Reports. 2023;15:783–796. wileyonlinelibrary.com/journal/emi4 783

https://orcid.org/0000-0001-8996-0072
mailto:enora.briand@ifremer.fr
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/emi4
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1758-2229.13200&domain=pdf&date_stamp=2023-09-11


Cyanobacterial EPS occur in different forms and,
based on their degrees of adhesion cell (Zhou Yang
et al., 2008; Qu et al., 2012), may be classified into free
EPS (other names found in the literature are soluble
macromolecules, slimes and colloids) and attached
EPS (or named as sheaths, loosely bound polymers,
transparent exopolymer particles (TEPs), capsular
polymers, condensed gels and attached organic mate-
rials) (Laspidou & Rittmann, 2002; Nielsen &
Jahn, 1999; Sheng et al., 2010). Free EPS are weakly
bound with cells or dissolved into the environment,
while attached EPS are closely bound with cells (Cruz
et al., 2020; Delattre et al., 2016; Wingender
et al., 1999). However, it should be mentioned that the
definition of these two fractions (free and attached) is,
in many studies, unclear and depends significantly on
the chosen EPS extraction methods (Bourven
et al., 2011; D’Abzac et al., 2010; Frølund et al., 1996).
Comparisons of the available methods have been per-
formed and different extraction strategies have been
tested and developed, especially for Microcystis sam-
ples (Huang et al., 2021; Liu et al., 2014; Xu, Yu,
et al., 2013). As an efficient and easy approach, low-
speed centrifugation or filtration recovering supernatant
or the filtrate is widely accepted to extract free EPS
(Huang et al., 2021; Pannard et al., 2016; Sheng
et al., 2010). For attached EPS, extraction methods
with various physical and chemical protocols like
ultrasound-assisted extraction or treatment with ethyle-
nediaminetetraacetic acid (EDTA), cation exchange
resin (CER), sodium hydroxide (NaOH) or formalde-
hyde have been proposed (D’Abzac et al., 2010; Liu &
Fang, 2002; Sheng et al., 2005). More specifically for
Microcystis, Xu, Yu, et al. (2013) showed that the best
method to isolate attached EPS was to heat the fixed
cells at 60�C for 30 min in water.

Produced by different processes including excre-
tion, sorption and cell lysis, EPS released by microor-
ganisms are metabolic-excess waste products
(Fogg, 1983; Liu et al., 2018). Mague et al. (1980)
determined that phytoplankton usually excrete 5%–

20% of the carbon they fix which contribute to the nutri-
ents and carbon pool, but more may be released under
stress conditions (Fogg, 1983). The composition and
production of EPS in cyanobacteria are both closely
related to the taxonomy (Forni et al., 1997; Plude
et al., 1991) and physiology (Xiao & Zheng, 2016) of
the species/genus studied and are therefore strongly
influenced by abiotic and biotic factors such as light (Li,
Zhu, Gao, et al., 2013; Srivastava et al., 2019; Wei
et al., 2021), temperature (Duan et al., 2018), nutrients
(Wang, Liu, et al., 2011; Wang, Zhao, et al., 2011; Qu
et al., 2018;), salinity (Ozturk & Aslim, 2010; Wang
et al., 2013; Zhang et al., 2011), as well as predation
(Cai et al., 2021; Yang et al., 2008). Among the above-
mentioned abiotic factors, salinity strongly affects the
expansion of mucilaginous Microcystis blooms to

estuaries and along the freshwater-to-marine contin-
uum (Bormans et al., 2019; Paerl et al., 2018; Preece
et al., 2017; Sampognaro et al., 2020). However, the
production and composition of EPS associated with
natural colonies of Microcystis under salt stress remain
unknown.

Indeed, very few studies have focused on the char-
acterization of the composition of both free and
attached fractions of EPS in cyanobacteria and in par-
ticular in Microcystis. Moreover, these studies were
conducted with Microcystis strains under laboratory
conditions where Microcystis exist predominantly as
single cells (Li, Zhu, Gao, et al., 2013; Yang
et al., 2008;). Consequently, the ecological role of EPS
fractions on natural Microcystis colonies under different
environmental conditions remains unclear.

In the present study, the production and composi-
tion of EPS from a unicellular Microcystis aeruginosa
strain (PCC 7806) were compared with those from
mucilaginous natural colonies of a cyanobacterial
bloom dominated by Microcystis. To get further insight
into EPS composition and in particularly the presence
of proteins, lipids and polysaccharides, free and
attached fractions of EPS were prepared and analysed.
In a second time, we explored whether EPS production
from the unicellular and the mucilaginous colonial form
of Microcystis was impacted when cells were exposed
to a salinity stress. Finally, we investigated the EPS
production of the natural colonies under a combined
salinity and nutrient stress condition (representing a
land-sea continuum). We hypothesized that (1) EPS
production would be higher for the mucilaginous colo-
nial form than the unicellular form and (2) that the natu-
ral colonies would be more resistant to salt stress.

EXPERIMENTAL PROCEDURES

Strain and culture conditions

Isolated in the brackish water of Braakmann Reservoir
in Netherlands, M. aeruginosa PCC 7806 strain from
the Pasteur Culture (Paris, France) collection of Cyano-
bacteria (PCC; https://webext.pasteur.fr/cyanobacteria/
) were routinely grown in modified BG11 (Rippka
et al., 1979) supplemented with NaHCO3 (10 mM) and
NaNO3 (2 mM), at constant temperature of 23�C under
a 12:12 h light: dark cycle using cool-white fluorescent
tubes (Toshiba, 15 W, FL15D) with 30 μmol photons
m�2 s�1 illumination. Following the protocol described
in (Georges Des Aulnois et al., 2019), the PCC 7806
strain was acclimatized and routinely cultured at salinity
8. Under these conditions, PCC 7806 strain keeps its
single-cell form. This value of S = 8 was chosen in
order to still obtain photosynthetically active/growing
cells after 9 days of exposure but affecting EPS pro-
duction from a stress condition. Salinity was checked
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using a conductivity meter Cond 3110 Set 1 (WTW,
Oberbayern, Germany) and cultures were maintained
in exponential growth phase by repeated dilution in
fresh culture medium.

Natural colonies of Microcystis and batch
experimentations

Study site and sampling protocols

The Pen Mur freshwater reservoir (Morbihan, France)
is located upstream the Saint Eloi River and the Pen
Lan estuary (UTM easting: 538203.97, UTM Northing:
5267801.63). This site is used for the production of
drinking water and it is subject to regular monitoring by
the Regional Health Agency (ARS). This site was cho-
sen because of the recurrent proliferation of cyanobac-
teria of the genus Microcystis (Bormans et al., 2019).
During the summer of 2021, two sampling campaigns,
corresponding to a phytoplankton bloom (September 6)
and post-bloom (September 21), were carried out. Ten
litres of surface water samples (depth 0.25 m) were fil-
tered with a 500 μm net, then brought directly to the lab-
oratory in the dark conditions at 4�C, and used within
hours of sampling for further analyses and batch
experimentations.

Phytoplankton diversity

To quantify and analyse the phytoplankton diversity,
we followed the standard protocol for sampling, conser-
vation, observation and counting of lake phytoplankton
for application of the Water Framework Directive
(Version 3.3.1) (Laplace-Treyture et al., 2009). Sam-
ples were fixed with acidic Lugol’s solution (1% final
concentration) and stored at 4�C until analysis. Species
determination for cyanobacteria was based on morpho-
logical criteria using reference books (Bourelly, 1985;
Kom�arek & Anagnostidis, 2008). Counts were per-
formed at a magnification of �320 with an inverted
microscope (Zeiss Axio observer 5, Oberkochen,
Germany). Photographs of the various taxa for each
sample were taken to estimate their biovolumes and
their reprocessing was done using the Zen 2.3 soft-
ware. Biovolumes were based on the geometrical esti-
mation suggested by Sampognaro et al. (2020) for
Microcystis and Sun and Liu (2003) for the other taxa.

Batch experimentations

To determine the effect of salinity and nutrient stress on
the production and composition of free and attached
EPS of natural Microcystis colonies, two batch experi-
ments were performed. In the first experiment, called

‘Nutrient+’, we inoculated the bloom phytoplankton
community in 2 L of modified BG11 medium with the
salinity adjusted to 0, 5, 10 and 20 using artificial sea
salt (Instant Ocean sea salt, Aquarium Systems) for
6 or 9 days. In the second experiment, called
‘Nutrient�’, we used the post-bloom phytoplankton
community as an inoculum in 2 L of Pen Mur reservoir
water filtered through 0.2 μm without addition of nutrient
to test the combined effect of salinity and nutrient limita-
tion. The cultures were exposed during 6 days at salin-
ities of 15 and 20, and 9 days at salinities of 0, 5 and
10. For the batch experiments, the upper salinity value
tested was set up to S = 20, based on a recent study
demonstrating a salinity tolerance of colonial strains of
M. aeruginosa up to S = 20 (Bormans et al., 2023). For
both batch experiments, the volume of inoculum was
adjusted to obtain an initial Microcystis cell concentra-
tion of 105 cells mL�1. All treatments were run in tripli-
cate and performed in 4 L Erlenmeyer flasks under the
same culture conditions as described above. Each
flask was gently shacked manually twice a day, and
their position in the incubation chamber was randomly
changed every day.

Nutrients

Water samples were filtered on GF/F filters (Whatman)
and dissolved nutrient concentrations (phosphate and
nitrate) were measured according to common colori-
metric methods (Aminot & Chaussepied, 1983) with a
sequential Gallery analyser (Thermo Fisher). Phos-
phate was measured with the method of Murphy and
Riley (1962) and nitrate was measured after reduction
to nitrite on a cadmium-copper column (Henriksen &
Selmer-Olsen, 1970).

EPS determination: free and attached EPS
analyses

To characterize EPS from PCC 7806 strain and natural
Microcystis colonies, 1.5 L of an exponential growing
culture and 1–3 L of field sampling was centrifuged at
4000g during 30 min at 4�C. Supernatants, correspond-
ing to free EPS, were concentrated and desalted using
an ultra-filtration system (Pellicon 2, Millipore). A 5 kDa
cut-off cassette was mounted to retain in the retentate
molecules larger than 5 kDa such as proteins or poly-
saccharides, while smaller molecules, including salts,
passed through the membrane and were eliminated in
the filtrate. An additional water dialysis step for 3 days
(3.5 kDa cut-off porous membrane) was applied to
remove the remaining salts (conductivity <50 μS cm�1),
and then, samples were freeze-dried.

Pellets, containing attached EPS with cells and
debris, were fixed for 4 h at room temperature with a
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solution of 5% formol/ethanol (w/w) to prevent cell lysis,
and dialysed against water for 3 days (3.5 kDa cut-off
porous membrane) to eliminate salts (conductivity
<50 μS cm�1) and freeze-dried. In a second step, to
recover attached EPS eventually associated with
Microcystis cells, pellets were dispersed and mixed
gently in water for 1 h at 60�C (Roux et al., 2021; Xu,
Yu, et al., 2013). The heat could help to detach the
EPS from the cells or other particulate matter in the pel-
let. After this process, samples were centrifuged during
15 min at 4000g to remove any cells, debris or
insoluble material, and the resulting supernatant was
freeze-died for further analysis on attached EPS. A
microscopic quality control step was performed to verify
that more than 98% of the cells were not deformed/
damaged/lysed in the sample to ensure the integrity of
the cells retaining the intracellular content.

For EPS analyses, all samples were solubilized in
water at 4 mg mL�1. To quantify protein concentration
in EPS, the bicinchoninic-acid protein assay (BCA),
with Bovine Serum Albumin as standard, was used
(Smith et al., 1985). The lipid content was estimated
using the sulfo-phospho-vanillin (SPV) dosage (Frings
et al., 1972), based on the method originally described
by Bligh and Dyer (1959) with some modifications
made by Axelsson and Gentili (2014), with virgin olive
oil as internal standard.

Monosaccharide composition of free and attached
EPS was determined according to Kamerling et al.
(1975) method, modified by Montreuil et al. (1986).
Samples were firstly hydrolyzed using MeOH/HCl 3 N
at 100�C for 4 h. Myo-inositol was used as internal
standard. The methyl glycosides thus obtained were
then converted to trimethylsilyl derivatives using N,O-
bis(trimethylsilyl)trifluoroacetamide and trimethylchloro-
silane (BSTFA:TMCS) 99:1 (v:v). Gas chromatography
with flame ionization detection (GC-FID, Agilent Tech-
nologies 6890N) was used for separation, identification
and quantification of the per-O-trimethylsilyl methyl gly-
cosides formed. For better visualization, the weight per-
centages of monosaccharides have been recalculated
from the total polysaccharide weight.

The molecular weights of polysaccharides were
determined using High Performance Size-Exclusion
Chromatography (HPSEC, Prominence Shimadzu Co,
Japan) composed of a Prominence Shimadzu HPLC
system, a PL aquagel-OH mixed column, an 8 μm
(Varian) guard column (U 7.5 mm � L 50 mm), and a
PL aquagel-OH mixed (Varian) separation column. The
HPSEC system was coupled on-line with a multiangle
light scattering detector (MALS) from Wyatt Technology
(Dawn Heleos-II, USA), a differential refractive index
detector (RI) (Optilab Wyatt Technology) and a UV
detector set to measure absorbance at λ = 280 nm.
Samples were eluted with 0.1 M ammonium acetate at
1 mL min�1 flow rate. The molecular weight was calcu-
lated using a refractive index increment dn/dc of 0.145

used for polysaccharides. After obtaining the data from
the HPSEC system, the chromatograms were further
processed using Astra 6.1 Software (Wyatt
Technology).

RESULTS AND DISCUSSION

Physico-chemical characteristics of Pen
Mur reservoir and its phytoplankton/
cyanobacteria community

The Pen Mur reservoir was a freshwater environment
(S = 0.13 and 0.12, respectively at bloom and post-
bloom sampling dates; Table 1). The bloom sample
was characterized by higher turbidity, temperature,
chlorophyll a and nutrient concentrations than the post-
bloom sample (Table 1). While the bloom sample was
associated with non-limiting nutrients concentrations
(P-PO4 = 0.14 mg L�1 and N-NO3 = 2.14 mg L�1,
Table 1), the post-bloom sample displayed strong
phosphate limitation (P-PO4 below quantification limit of
0.01 mg L�1, N-NO3 = 2.31 mg L�1, Table 1).

The phytoplankton community sampled at the Pen
Mur reservoir at both bloom and post-bloom was
strongly dominated by cyanobacteria (over 90% in bio-
volume; Figure 1). The cyanobacterial biomass was
characterized by several species of Microcystis
(M. aeruginosa, M. wesenbergii, M. botrys, M. smithii
and Microcystis sp. unicellular) with M. aeruginosa and
M. wesenbergii accounting for a minimum of 87% of the
total biovolume. Hence, the content and composition of
free and attached EPS described hereafter were mainly
associated with a cyanobacterial community dominated
by Microcystis genus. More specifically, the bloom
sample displayed a higher cyanobacterial diversity than
the post-bloom sample.

EPS yield and composition at salinity zero

The composition and quantification of free and attached
EPS in natural bloom-forming Microcystis colonies and
in isolated strains may provide clues towards a better
understanding of the mechanisms of cyanobacterial
blooming and their ecological success.

EPS yields

Under our culture conditions, total (free and attached)
EPS yield for the unicellular PCC 7806 strain was
590 mg g�1 dry weight, corresponding to �3 pg cell�1

(Figure 2A). The highest EPS yield was obtained in nat-
ural Microcystis colonies during post-bloom (under
nutrient limitation) than during bloom stage, with a total
EPS production of 1236 and 290 mg g�1 dry weight,
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TAB LE 1 Physico-chemical characteristics of the Pen Mur reservoir during bloom and post-bloom sampling.

Sampling date Time Salinity
Water
temperature (�C) pH

Chla
(μg/L)

Turbidity
(FNU)

N-
NO3 (mg L�1)

P-
PO4 (mg L�1)

06 September
2021

Bloom 0.13 24.2 9.71 1321.65 831.00 2.14 0.14

21 September
2021

Post-
bloom

0.12 19.2 8.31 50.73 16.10 2.31 <0.01

F I GURE 1 Phytoplankton community sampled in Pen Mur freshwater reservoir at bloom and post-bloom and at the end of the two batch
experiments (‘Nutrient+’ and ‘Nutrient�’) at salinity S = 0, S = 5, S = 10, S = 15 and S = 20.

F I GURE 2 Free and attached EPS (A) yield, (B) proteins, lipids and polysaccharides composition and (C) monosaccharide composition of
the polysaccharide fraction from the unicellular M. aeruginosa PCC 7806 strain and natural colonies of Microcystis during bloom and post-bloom
at salinity zero.

IMPACT OF SALINITY AND NUTRIENT ON MICROCYSTIS EPS 787
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respectively (equivalent to �10 and 5 pg cell�1). EPS
production is known to increase under stress conditions
including nutrient limitation (Ma et al., 2014) and more
generally under conditions leading to lower specific
growth rates (Li, Zhu, Gao, et al., 2013), which charac-
terize the physiological state of cells during the post-
bloom period. Similar ranges of total EPS (between 1.5
and 10 pg cell�1) were reported by Xu, Cai, et al.
(2013) and Xu, Yu, et al. for unicellular M. aeruginosa,
by Duan et al. (2018) for attached EPS of colonial
M. wesenbergii (3–7 pg cell�1) and by Chen et al.
(2019) for soluble EPS for colonial M. aeruginosa
(300–1000 mg g�1 dry weight). The amount of EPS
produced was greater in the attached fraction than in
the free fraction regardless of the sample, with the
attached fraction accounting for 64%, 87% and 94% of
the total EPS, respectively for PCC 7806 and colonies
during bloom and post-bloom. Higher yields of attached
EPS than free EPS were also observed in the
field-sampled Microcystis colonies, whereas that of uni-
cellular Microcystis PCC 7820 strain culture almost uni-
formly contained both fractions (Xu et al., 2014). Few
studies investigated the role of EPS subfractions in the
process of Microcystis aggregation and mucilaginous
bloom formation. Some authors hypothesized that the
proportion of EPS fractions for the field-sampled Micro-
cystis aggregates might influence the strength of adhe-
sion between cells within the colony which may
enhance the integrity of cell structure and protect the
cells against biotic and abiotic stress conditions (Xu &
Jiang, 2013; Xu, Cai, et al., 2013).

EPS composition

EPS are heterogeneous and complex materials primar-
ily constituted of polysaccharides, proteins, lipids,
nucleic acids and some inorganic components usually
resulting from cell lysis and bacterial remineralization
(Delattre et al., 2016; Liu et al., 2018). Here we mea-
sured the proportion of polysaccharides, proteins and
lipids constituting the free and attached EPS
(Figure 2B). Globally lipids are the minor components,
representing less than 2% of the total EPS, except in
the attached fraction of the PCC 7806 M. aeruginosa
strain which represented 8%. Part of the lipid fraction
measured may come from lipopolysaccharides (LPS),
an important component of the outer membrane of cya-
nobacteria (Durai et al., 2015; Kehr & Dittmann, 2015).
Proteins accounted for �20% of the total EPS regard-
less of the sample but differences were observed in
function of the fraction. A higher proportion of proteins
in free EPS (�15%) than in attached EPS (�5%) was
measured in the field samples, whereas the reverse
was observed in the unicellular strain (�5% and �20%
in soluble and attached fractions, respectively). Pro-
teins have a high binding strength (Sheng et al., 2010)
that may increase cyanobacterial EPS firmness (Plude

et al., 1991). Polysaccharides have been found as the
major constituent (� 60%) of total EPS in the natural
Microcystis colonies under bloom condition, compared
to 10% and 6% under post-bloom stage and for the uni-
cellular strain, respectively. Thicker polysaccharides
envelope in colonial M. aeruginosa cells than the uni-
cellular cells was already reported (Zhang et al., 2007).
Known as the most complex biomacromolecules in bio-
logical systems, polysaccharides may also play a role
in adhering cells together to form colonies (Yang
et al., 2011), acting as physical barriers against differ-
ent stress (Chen et al., 2019) and conferring to the
mucilaginous colonial form of Microcystis the ability to
cope with a multitude of environmental factors (Kehr &
Dittmann, 2015).

To deepen the Microcystis polysaccharides charac-
terization and to infer their physicochemical properties,
the molecular weight of free and attached fractions
were characterized by HPSEC-MALS. In general, two
main peaks were distinguished in field samples (bloom
and post-bloom), highlighting the presence of two poly-
saccharide populations (Figure S1A), respectively of
high molecular weight (HMW) (from 1.4 � 106 to
3.1 � 106 g mol�1) and medium molecular weight
(MMW) (from 4.6 � 104 to 5.6 � 105 g mol�1)
(Figure S1B). Both polysaccharide populations were
present in the similar proportion (mass fraction of 50%,
Figure S1A). In the PCC 7806, HMW population was
also observed in both free and attached EPS. However,
a second HMW population, accounting for 25% of the
total polysaccharide population, was only measured in
the attached EPS, while the free EPS had slightly more
than 50% of a low-molecular weight (LMW) population
(<5 � 104 g mol�1), contrary to other samples. In the lit-
erature, exopolysaccharides of studied cyanobacteria
species/genera are mainly characterized by high
molecular weight (Pereira et al., 2009). However, these
studies refereed to isolated strains but not on Microcys-
tis colonies. The present study confirms that the natural
Microcystis colony and PCC 7806 strain are mainly
composed of high and medium molecular weight poly-
saccharides, and brings further inside in the character-
istics of both free and attached polysaccharides. We
also show here that natural colonies have higher pro-
portions of high molecular weights than the unicellular
strain, suggesting more complex biopolymers likely
involved in colonies formation/cell aggregation.

Monosaccharides composition

Cyanobacterial polysaccharides are known as hetero-
polysaccharides consisting of complex repeating units,
generally containing from 5 to 8 monosaccharides. The
monosaccharide composition of polysaccharides con-
stitutive of EPS produced by natural colonies of
Microcystis is not well studied compared to EPS pro-
duced by isolated strains of Microcystis (De Philippis
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et al., 2001). Indeed, the exopolysaccharide composi-
tion from natural colonies is more variable and harder
to predict, due to the influence of factors such as the
surrounding environment and the presence of other
microbial species. Additionally, the structural complex-
ity of exopolysaccharides can make it difficult to isolate
and purify the molecules for further study. Despite
these challenges, studying the monosaccharide com-
position of the polysaccharides in EPS from natural col-
onies of Microcystis can provide valuable insights into
the ecology and behaviour of these cyanobacteria in
natural environments. Finally, the biotechnological
potential of EPS from Microcystis has been recognized
(Sun et al., 2015; Tan et al., 2023), and efforts are
ongoing to develop methods for studying and exploiting
these complex macromolecules (Duan et al., 2020).
According to our experimental design, this study tar-
geted the 10 most abundant and most commonly
monosaccharides studied in the literature such as
deoxyhexose (rhamnose, fucose), pentose (xylose),
hexose (mannose, galactose, glucose), as well as
acidic residues (glucuronic and galacturonic acids) and
hexosamines (N-acetyl-glucosamine and N-acetyl-
galactosamine) (Cruz et al., 2020; Li et al., 2001;
Rossi & De Philippis, 2016).

By considering only the polysaccharide fraction pre-
sented in Figure 2B, the targeted monosaccharides
found in the free EPS of PCC 7806 M. aeruginosa
strain consisted of more than 85% of hexoses (50% of
glucose, 20% of galactose and 15% of mannose;
Figure 2C), and 15% of the deoxyhexose rhamnose,
while no pentose or acid residues were detected. The
major neutral sugars including rhamnose, mannose,
galactose and glucose have been already reported for
the PCC 7806 M. aeruginosa strain (Zhen Yang &
Kong, 2012) and were also produced by other Micro-
cystis species including M. flos-aquae and M. viridis
(Srivastava et al., 2019). However, some specificities
have been highlighted depending on the species/strain
studied and the growth conditions (Forni et al., 1997;
Nakagawa et al., 1987; Plude et al., 1991). For exam-
ple, fucose, arabinose and the disaccharide trehalose
were species- or even strain-specific of Microcystis
(Forni et al., 1997).

In comparison, the monosaccharide composition of
free EPS measured in bloom and post-bloom samples
was more diverse than that produced by the unicellular
M. aeruginosa strain. Indeed, the natural colonies were
dominated by two species, M. aeruginosa and
M. wesenbergii. Independently of the period of the
bloom, natural colonies of Microcystis produced poly-
saccharides composed of fucose, xylose, galacturonic
and glucuronic acids and N-acetyl-galactosamine, in
addition to the aforementioned hexoses and rhamnose
retrieved also in the unicellular Microcystis strain. The
composition of monosaccharides produced by natural
Microcystis colonies during the bloom differed from
those measured during the post-bloom by their

composition in uronic acids (presence of glucuronic
and galacturonic acids only during the bloom). The
presence of these acidic sugars has already been
documented for cyanobacterial species (Cruz
et al., 2020; Kehr & Dittmann, 2015). For example, uro-
nic acids were found in EPS from different Microcystis
species, including M. wesenbergii (Forni et al., 1997).
Their anionic nature, allowing ionic interactions with
positively charged macromolecules (e.g., proteins) and
cations (e.g., calcium) present in water, would play a
major role in aggregation of cyanobacterial EPS provid-
ing a ‘sticky’ or gel-like behaviour to the overall macro-
molecule, further leading to the mucilaginous
Microcystis bloom formation (Liu et al., 2018;
Verspagen et al., 2006). Galacturonic acids were the
main sugar measured in the EPS of M. flos-aquae
slime (Plude et al., 1991), and would affect the EPS sol-
ubility (Sutherland, 2001).

We further investigated the monosaccharide com-
position of attached EPS produced by Microcystis.
Some studies reported that the monosaccharide com-
position of attached EPS in certain cyanobacteria
(e.g., Anabaena sphaerica or Fischerella musicola) are
remarkably different from those of free EPS (Forni
et al., 1997; Gloaguen et al., 1995; Nicolaus
et al., 1999). In our study, regardless of the samples,
only slight changes in the monosaccharide composition
between both fractions were observed, with lower
amount of rhamnose and higher proportion of
N-acetyl-galactosamine measured in the attached EPS
compared to the free EPS. Notably, during bloom and
post-bloom, attached EPS were composed, respec-
tively of 30% and 70% of N-acetyl-galactosamine. To
our knowledge, this specific hexosamine was not
described as a part of the monosaccharide composition
of both M. aeruginosa EPS and LPS (Fujii et al., 2012;
Martin et al., 1989). It was tempting to hypothesize that
M. wesenbergii, which was one of the two dominant
species in the natural cyanobacterial community, con-
tributed to this composition. Indeed, it has been shown
that free polysaccharide fraction in an isolated
M. wesenbergii strain was exclusively composed of
acid monosaccharides (Forni et al., 1997). Noteworthy,
the composition and metabolic activity of the associ-
ated microbial community, notably heterotrophic bacte-
ria, may also contribute to the observed variation of
monosaccharide diversity in exopolysaccharides.

Effect of a salinity shock associated or not
with nutrient limitation

Several studies on the salinity tolerance of Microcystis
have demonstrated highly variable results for salinity
thresholds and tolerance for isolated unicellular strains
in the range 7–14 (Georges Des Aulnois et al., 2020;
Qiu et al., 2022; Ross et al., 2019; Tonk et al., 2007) for
isolated colonial strains in the range 15–20 (Bormans
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et al., 2023) and for natural colonies in the range 10–17
(Kruk et al., 2017; Robson & Hamilton, 2003; Wang
et al., 2022), highlighting strong intraspecific and inter-
specific variabilities, with higher salinity thresholds for
colonial forms. As suggested by Kruk et al. (2017), the
mucilage associated with the colonial form of Microcys-
tis is likely to protect the cells from osmotic shock at
high salinity. While the effects of salinity on Microcystis
growth, toxin production and colony size have been
well-studied (Orr et al., 2004; Qiu et al., 2022; Ross
et al., 2019; Sampognaro et al., 2020; Tonk
et al., 2007), the effects of salinity on production and
composition of Microcystis EPS are underexplored.

Phytoplankton/cyanobacterial assemblage

The phytoplankton communities sampled in the field at
bloom and post-bloom were used, respectively, as
inoculum for the salt stress batch ‘Nutrient+’ and
‘Nutrient-’ experiments (Figure 1). The ‘Nutrient+’
experiment was performed by inoculating the bloom
phytoplankton community in BG11 medium in order to
remain non-limiting condition over the entire experi-
ment. The resulting concentrations were P-PO4

= 4.70 mg L�1 and N-NO3 = 22.6 mg L�1 on day 0 and
P-PO4 > 3.5 mg L�1 and N-NO3 > 15 mg L�1 on day
9. In the ‘Nutrient-’ experiment, we used the post-
bloom phytoplankton community as an inoculum in the
limiting-nutrient Pen Mur water with no additional nutri-
ents. The ‘Nutrient-’ samples displayed strong phos-
phate limitation from day 0 (P-PO4 below quantification
limit of 0.01 mg L�1, N-NO3 = 2.02 mg L�1) to day
9 (P-PO4 < 0.01 mg L�1 and N-NO3 > 0.87 mg L�1).

The phytoplanktonic diversity at the end of the batch
‘Nutrient+’ experiment (without nutrient limitation) was
dominated by the genus Microcystis whatever the salin-
ity (almost exclusively M. wesenbergii and
M. aeruginosa). In particular, more than 50% of the bio-
mass was associated with M. wesenbergii whatever
the salinity. It is interesting to note that the proportion of
M. aeruginosa increased at intermediate salinity values
in accordance with previous studies demonstrating that
natural colonies of M. aeruginosa have been reported
to grow at salinity up to 15 (Kruk et al., 2017; Lehman
et al., 2005). However, at higher salinity (S = 20),
M. wesenbergii slightly dominated the cyanobacterial
assemblage. Similarly, at the end of the batch ‘Nutri-
ent-’ experiment (with nutrient limitation), a higher salin-
ity (S = 15 and 20) favoured M. wesenbergii over
M. aeruginosa. To our knowledge, this high salinity tol-
erance of natural colonies of M. wesenbergii has never
been reported before. We suggest that the thick, well-
defined mucilage associated with natural
M. wesenbergii colonies, as observed in this study
(Figure 3), is likely to act as strong physical barrier
against increased salinity.

EPS yield

The total EPS yield produced by the unicellular PCC
7806 strain did not change at S = 8 compared to S = 0
culture condition (� 550 mg g�1 dry weight; Figure 4A).
Similarly, concerning the batch experiments, no marked
change of the total EPS yield was observed at low and
intermediate salinities compared to salinity
0 (� 250 mg g�1 dry weight). Whereas at the highest
salinities (S = 15 and 20) under nutrient-limited condi-
tion, the total EPS were enhanced 2-fold. However, at
these high salinities, we cannot exclude that higher
EPS production was partly due to cell lysis. To our
knowledge, no previous study has reported the impact
of increased salinity on the production of EPS from nat-
ural Microcystis colonies. The osmotic pressure created
by the salinity may stimulate the production of EPS as
demonstrated by Abbasi and Amiri (2008) on Gram-
negative bacteria. Hence, like other studies on the
impact of abiotic stresses (temperature, light intensity,
nutrients and metal ions) or biotic stresses (grazing,
heterotrophic bacteria), salinity stress also promotes
EPS production in Microcystis. EPS would act as a

F I GURE 3 Microscopic photographs of a representative colony
of M. aeruginosa and M. wesenbergii at salinity S = 0 and S = 20
showing the difference of thickness and boundary limit of the
mucilage.
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protective layer around the microorganism, helping it to
retain moisture and prevent damage from the high
levels of salt. Of note, the single cells M. aeruginosa
strain produced as much EPS as natural colonies
under combined stress condition (i.e., �550 mg g�1 dry
weight). Nevertheless, we did not observe colony for-
mation by the PCC 7806 strain unlike what was
observed for the unicellular M. aeruginosa PCC 7820
strain after its exposure to grazers (Yang et al., 2008).

An increase in salinity maintained a higher yield of
attached EPS compared to free EPS in both the PCC
7806 strain and in the natural colonies of Microcystis
regardless of the nutrient level (Figure 4A). More spe-
cifically, the yield of free EPS increased steadily with
increased salinity (up to 5-fold at S = 15 and 20 under
nutrient-limiting conditions compared to S = 0), while
the yield of attached EPS first decreased at low salin-
ities (S = 5 and 10) and increased at intermediate and
high salinity levels. Hence, the highest yields of total
EPS measured under combined stress conditions
(S = 15 and 20 under nutrient-limited condition) were
mainly due to an overproduction of free EPS.

EPS composition

The total EPS composition of the unicellular PCC 7806
M. aeruginosa strain was globally characterized by a
dominance of proteins (� 30%), then polysaccharides

and lipids representing less than 10% each but mostly
found in the attached fractions whatever the salinity
(Figure 4B). Of note, changes in the composition of
EPS in response to higher salinity were mainly
observed in the proportion of proteins of each EPS frac-
tions. Hence, at S = 8, the proportions of proteins were
higher in the free fraction (�25%) than the control
(�5%) and the reverse was observed for the attached
fractions (�20% and �10% at S = 0 and 8, respec-
tively). Therefore, the polysaccharide/protein ratio
strongly decreased with increasing salinity conferring a
hydrophobic character to free EPS (Santschi
et al., 2020). The hydrophobic characteristics of EPS
would promote the aggregation of cells between them,
thus allowing a collective migration of cells on the sur-
face of the water forming scums (Dervaux et al., 2015),
an obligatory step before a bloom of Microcystis. The
profile of monosaccharide composition in both free and
attached EPS did not change with a moderate increase
in salinity (Figure 4C). Similarly, Yang and Kong (2012)
demonstrated no difference in monosaccharide compo-
sition of EPS from the PCC 7806 strain subjected to a
grazing pressure. Nevertheless, HPSEC-MALS ana-
lyses demonstrated a major modification of the molecu-
lar weight of free extracellular polysaccharides
according to a moderate increase in salinity (Figure
S2). Two populations of polysaccharides were always
found in the free fraction with 20% of HMW polysaccha-
rides (1.8 � 107 g mol�1) and the appearance of more

F I GURE 4 Free and attached EPS (A) yield, (B) proteins, lipids and polysaccharides composition and (C) monosaccharide composition of
the polysaccharide fraction from the unicellular M. aeruginosa PCC 7806 strain and natural colonies of Microcystis at the end of the two batch
experiments (Nutrient+ and Nutrient�) at salinity S = 0, S = 5, S = 10, S = 15 and S = 20. ND, not detected.
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than 80% of MMW polysaccharides
(1.7 � 105 g mol�1). The effects of salinity may stimu-
late the production of MMW polysaccharides in free
EPS of PCC 7806 following osmotic stress. Whereas
the increase in salinity did not affect the proportion of
the three populations of polysaccharides found in the
attached fraction of the EPS.

Concerning the EPS produced by natural Microcys-
tis colonies during the batch experiments, their compo-
sition in proteins and polysaccharides were highly
altered under increased salinities for all samples
(Figure 4B). In both experiments, the proportions of pro-
teins and polysaccharides decreased with the increas-
ing salinity and did not represent more than 5% of the
weight of the EPS, or were no longer detectable by
the methods used. Since the sampling of EPS occurred
after 6–9 days of the experiment, it is likely that the
composition of the EPS was modified, for example, by
bacterial activity. Indeed, the heterotrophic bacterial
community embedded in the cyanobacterial mucilage
may degrade EPS components, including proteins and
polysaccharides, especially under nutrient limitation,
and use them as an energy source. Nevertheless, the
polysaccharide/protein ratio strongly decreased with
increasing salinity that may confer a hydrophobic char-
acter to natural Microcystis EPS independent of nutri-
ent stress (Santschi et al., 2020). The relative
hydrophobicity of EPS molecules is mainly attributed to
proteins that will be involved in cell surface attachment,
but also in the stabilization of the mucilaginous matrix
and the development of a three-dimensional mucilagi-
nous architecture (Xu et al., 2011). On the other hand,
lipids always represented only a small proportion (<3%
wt) in free and attached Microcystis EPS and remained
stable regardless of nutrient or salt stress. According to
literature, lipids are not essential structural components
of EPS and their relatively stable chemical structure
makes them resistant to degradation under various
environmental stresses, including nutrient or salt stress.
This stability is due to the presence of non-polar
hydrocarbon chains in lipid molecules, which make
them less reactive than other EPS components (Kehr &
Dittmann, 2015).

Finally, monosaccharide composition was inferred in
samples containing polysaccharides (Figure 4C), that is,
retrieved mainly in free EPS under nutrient stress condi-
tions (Figure 4B, Nutrient�). In the natural colonies of
Microcystis, increased salinities led to a lower diversity
of monosaccharides. Rhamnose, mannose and glucose
mainly composed the free polysaccharides at salinities
between 15 and 20 under nutrient stress conditions,
while 9 out the 10 targeted monosaccharides composed
the free EPS at lower salinities. Of note, attached EPS
were mainly composed of N-acetyl-galactosamine with
some minor amounts of rhamnose, xylose and glucose.
Furthermore, HPSEC-MALS results demonstrated a
major difference in the molecular weight of free extracel-
lular polysaccharides Microcystis colonies exposed to

an increase in salinity (Figure S2A,B). Under an inter-
mediate salinity stress from S = 5 to S = 15, the poly-
saccharides of MMW (from 5.7 � 104 to
1.41 � 105 g mol�1) dominated the population and con-
tributed between �60% and 100% of total polysaccha-
rides. In parallel, the polysaccharides of HMW (from
6.3 � 105 to 1.1 � 106 g mol�1) decreased following an
increase in salinity. Nevertheless, at high salinity
(S = 20, Nutrient�), the proportion of these two popula-
tions of polysaccharides was reversed, and HMW poly-
saccharides became the majority. Consequently, an
increase in salinity mainly caused the presence/
production of high and medium molecular weight poly-
saccharides in the free EPS of the natural colonies of
Microcystis under nutrient-stress conditions. We again
show here that natural colonies have higher proportions
of high molecular weights than the unicellular strain,
suggesting more complex biopolymers likely involved in
colonies formation/cell aggregation. Moreover, the ten-
dency to higher molecular weight is increased under
stress conditions, suggesting a denser mucilage pro-
tecting the cells against abiotic stresses (salinity and
nutrient limitation). While Kehr and Dittmann (2015)
show that functional assignments of cyanobacterial exo-
polysaccharides are linked to their physico-chemical
properties, little is known about their biological signifi-
cance. Rossi and De Philippis (2015) showed that in
cyanobacteria the synthesis of exopolysaccharides con-
tributes to a chemical/physical protection against abiotic
and biotic stress factors. They suggest that polysaccha-
rides with different molecular dimensions or composed
of monosaccharides with specific properties
(i.e., hydrophobicity, negative charge, etc.) protect to dif-
ferent extents the cells from harmful environments.
Therefore, the cyanobacteria able to modulate these
characteristics may have an ecological advantage and
better thrive in harsh conditions.

CONCLUSION

This study allowed for the first time to describe the pro-
duction and the composition of both free and attached
EPS from natural colonies of Microcystis under nutrient
and salinity stress, and to compare with a unicellular
M. aeruginosa strain (PCC 7806). As expected, the pro-
duction of total EPS was higher for the mucilaginous
colonial form than the unicellular one with a greater
quantity of EPS in the attached fraction than in the free
one. EPS produced by the colonial form were charac-
terized by high molecular weight polysaccharides
which, in contrast to the unicellular strain, were
enriched in uronic acids and hexosamines that addi-
tionally confer the capacity to the cells to aggregate. In
response to salinity or combined salinity and nutrient
stress, we observed a higher production of EPS of the
colonial form than the unicellular one. Of note, the free
fraction was enriched of polysaccharides of high
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molecular weight which may confer protection to the
colonial population against increasing salinity. Interest-
ingly, our study revealed that other Microcystis species,
here M. wesenbergii, are at least as salt-tolerant as the
well-studied M. aeruginosa. Therefore, further studies
on the characterization and production of EPS from dif-
ferent Microcystis species, if possible in colonial form,
could definitely improve our understanding of the mech-
anisms involved in the formation and maintenance of
the mucilaginous Microcystis bloom under various envi-
ronmental conditions.

AUTHOR CONTRIBUTIONS
Oceane Reignier: Formal analysis (lead); methodology
(equal); visualization (lead); writing – original draft
(lead); writing – review and editing (lead). Myriam Bor-
mans: Conceptualization (lead); formal analysis
(equal); methodology (equal); supervision (lead); vali-
dation (lead); writing – original draft (lead);
writing – review and editing (lead). Laetitia Marchand:
Formal analysis (equal); methodology (equal);
writing – review and editing (equal). Corinne Sinquin:
Formal analysis (equal); methodology (equal);
writing – review and editing (equal). Zouher Amzil:
Conceptualization (equal); funding acquisition (equal);
writing – review and editing (equal). Agata Zykwinska:
Formal analysis (equal); methodology (equal); valida-
tion (equal); writing – review and editing (equal). Enora
Briand: Conceptualization (lead); formal analysis
(equal); funding acquisition (lead); methodology
(equal); project administration (lead); supervision
(lead); validation (lead); writing – original draft (lead);
writing – review and editing (lead).

ACKNOWLEDGEMENTS
We acknowledge Ifremer for the Ph.D. funding of
Océane Reignier. We thank Nathalie Le Bris for per-
forming the nutrient analyses at the EcoChim plateform
of the OSUR.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

ORCID
Enora Briand https://orcid.org/0000-0001-8996-0072

REFERENCES
Abbasi, A. & Amiri, S. (2008) Emulsifying behavior of an exopolysac-

charide produced by Enterobacter cloacae. African Journal of
Biotechnology, 7(10), 1574–1576.

Aminot, A. & Chaussepied, M. (1983) Manuel des analyses chimi-
ques en milieu marin. Editions Jouve, CNEXO, 395 p.

Axelsson, M. & Gentili, F. (2014) A single-step method for rapid
extraction of total lipids from green microalgae. PLoS One, 9(2),

17–20. Available from: https://doi.org/10.1371/journal.pone.
0089643

Bligh, E.G. & Dyer, W.J. (1959) A rapid method of total lipid extraction
and purification. Canadian Journal of Biochemistry and Physiol-
ogy, 37(8), 911–917.

Bormans, M., Amzil, Z., Mineaud, E., Brient, L., Savar, V., Robert, E.
et al. (2019) Demonstrated transfer of cyanobacteria and cyano-
toxins along a freshwater-marine continuum in France. Harmful
Algae, 87(July), 101639. Available from: https://doi.org/10.1016/
j.hal.2019.101639

Bormans, M., Legrand, B., Waisbord, N. & Briand, E. (2023) Morpho-
logical and physiological impacts of salinity on colonial strains of
the cyanobacteria Microcystis aeruginosa. Microbiologyopen,
12, e1367. Available from: https://doi.org/10.1002/mbo3.1367

Bourelly, P. (1985) Les Algues d’eau douce: Initiation à la systéma-
tique. Tome III: Les Algues bleues et rouge. Paris: Boubee.

Bourven, I., Joussein, E. & Guibaud, G. (2011) Characterisation of
the mineral fraction in extracellular polymeric substances (EPS)
from activated sludges extracted by eight different methods.
Bioresource Technology, 102(14), 7124–7130. Available from:
https://doi.org/10.1016/j.biortech.2011.04.058

Cai, S., Wu, H., Hong, P., Donde, O.O., Wang, C., Fang, T. et al.
(2021) Bioflocculation effect of Glyptotendipes tokunagai on dif-
ferent Microcystis species: interactions between secreted silk
and extracellular polymeric substances. Chemosphere, 277,
130321. Available from: https://doi.org/10.1016/j.chemosphere.
2021.130321

Chen, M., Tian, L.L., Ren, C.Y., Xu, C.Y., Wang, Y.Y. & Li, L. (2019)
Extracellular polysaccharide synthesis in a bloom-forming strain
of Microcystis aeruginosa: implications for colonization and
buoyancy. Scientific Reports, 9(1), 1–11. Available from: https://
doi.org/10.1038/s41598-018-37398-6

Cruz, D., Vasconcelos, V., Pierre, G., Michaud, P. & Delattre, C.
(2020) Exopolysaccharides from cyanobacteria: strategies for
bioprocess development. Applied Sciences, 10(11), 3763. Avail-
able from: https://doi.org/10.3390/app10113763

D’Abzac, P., Bordas, F., Van Hullebusch, E., Lens, P.N.L. &
Guibaud, G. (2010) Extraction of extracellular polymeric sub-
stances (EPS) from anaerobic granular sludges: comparison of
chemical and physical extraction protocols. Applied Microbiology
and Biotechnology, 85(5), 1589–1599. Available from: https://
doi.org/10.1007/s00253-009-2288-x

De Philippis, R., Sili, C., Paperi, R. & Vincenzini, M. (2001) Exopoly-
saccharide-producing cyanobacteria and their possible exploita-
tion: a review. Journal of Applied Phycology, 13(4), 293–299.
Available from: https://doi.org/10.1023/A:1017590425924

Delattre, C., Pierre, G., Laroche, C. & Michaud, P. (2016) Production,
extraction and characterization of microalgal and cyanobacterial
exopolysaccharides. Biotechnology Advances, 34(7), 1159–1179.
Available from: https://doi.org/10.1016/j.biotechadv.2016.08.001

Dervaux, J., Mejean, A. & Brunet, P. (2015) Irreversible collective
migration of cyanobacteria in eutrophic conditions. PLoS One,
10(3), 1–16. Available from: https://doi.org/10.1371/journal.
pone.0120906

Duan, Z., Tan, X., Parajuli, K., Upadhyay, S., Zhang, D., Shu, X. et al.
(2018) Colony formation in two Microcystis morphotypes: effects
of temperature and nutrient availability. Harmful Algae, 72, 14–
24. Available from: https://doi.org/10.1016/j.hal.2017.12.006

Duan, Z., Tan, X., Zhang, D. & Parajuli, K. (2020) Development of
thermal treatment for the extraction of extracellular polymeric
substances from Microcystis: evaluating extraction efficiency
and cell integrity. Algal Research, 48(1), 101879. Available from:
https://doi.org/10.1016/j.algal.2020.101879

Durai, P., Batool, M. & Choi, S. (2015) Structure and effects of cyano-
bacterial lipopolysaccharides. Marine Drugs, 13(7), 4217–4230.
Available from: https://doi.org/10.3390/md13074217

Fogg, G. E. (1983). The ecological significance of extracellular
products of phytoplankton photosynthesis. Botanica Marina, 26,
3–14.

IMPACT OF SALINITY AND NUTRIENT ON MICROCYSTIS EPS 793

 17582229, 2023, 6, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13200 by IFR
E

M
E

R
 C

entre B
retagne B

L
P, W

iley O
nline L

ibrary on [04/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-8996-0072
https://orcid.org/0000-0001-8996-0072
https://doi.org/10.1371/journal.pone.0089643
https://doi.org/10.1371/journal.pone.0089643
https://doi.org/10.1016/j.hal.2019.101639
https://doi.org/10.1016/j.hal.2019.101639
https://doi.org/10.1002/mbo3.1367
https://doi.org/10.1016/j.biortech.2011.04.058
https://doi.org/10.1016/j.chemosphere.2021.130321
https://doi.org/10.1016/j.chemosphere.2021.130321
https://doi.org/10.1038/s41598-018-37398-6
https://doi.org/10.1038/s41598-018-37398-6
https://doi.org/10.3390/app10113763
https://doi.org/10.1007/s00253-009-2288-x
https://doi.org/10.1007/s00253-009-2288-x
https://doi.org/10.1023/A:1017590425924
https://doi.org/10.1016/j.biotechadv.2016.08.001
https://doi.org/10.1371/journal.pone.0120906
https://doi.org/10.1371/journal.pone.0120906
https://doi.org/10.1016/j.hal.2017.12.006
https://doi.org/10.1016/j.algal.2020.101879
https://doi.org/10.3390/md13074217


Forni, C., Telo, F.R. & Caiola, M.G. (1997) Comparative analysis of
the polysaccharides produced by different species of Microcystis
(Chroococcales, Cyanophyta). Phycologia, 36(3), 181–185.
Available from: https://doi.org/10.2216/i0031-8884-36-3-181.1

Frings, C.S., Fendley, T.W., Dunn, R.T. & Queen, C.A. (1972)
Improved determination of total serum lipids by the sulfo-
phospho-vanillin reaction. Clinical Chemistry, 18(7), 673–674.

Frølund, B., Palmgren, R., Keiding, K. & Nielsen, P.H. (1996) Extrac-
tion of extracellular polymers from activated sludge using a cat-
ion exchange resin. Water Research, 30(8), 1749–1758.
Available from: https://doi.org/10.1016/0043-1354(95)00323-1

Fujii, M., Sato, Y., Ito, H., Masago, Y., & Omura, T. (2012). Monosac-
charide composition of the outer membrane lipopolysaccharide
and O-chain from the freshwater cyanobacterium Microcystis
aeruginosa NIES-87. Journal of Applied Microbiology, 113(4),
896–903. https://doi.org/10.1111/j.1365-2672.2012.05405.x

Georges Des Aulnois, M., Réveillon, D., Robert, E., Caruana, A.,
Briand, E., Guljamow, A. et al. (2020) Salt shock responses of
Microcystis revealed through physiological, transcript, and meta-
bolomic analyses. Toxins, 12(3), 1–18. Available from: https://
doi.org/10.3390/toxins12030192

Georges Des Aulnois, M., Roux, P., Caruana, A., Réveillon, D.,
Briand, E., Hervé, F. et al. (2019) Physiological and metabolic
responses of freshwater and brackish-water strains of Microcys-
tis aeruginosa acclimated to a salinity gradient: insight into salt
tolerance. Applied and Environmental Microbiology, 85(21),
e01614–e01619. Available from: https://doi.org/10.1128/AEM.
01614-19

Gloaguen, V., Morvan, H. & Hoffmann, L. (1995) Released and cap-
sular polysaccharides of Oscillatoriaceae (Cyanophyceae, cya-
nobacteria). Algological Studies/Archiv Für Hydrobiologie, 78,
53–69.

Henriksen, A. & Selmer-Olsen, A.R. (1970) Automatic methods for
determining nitrate and nitrite in water and soil extracts. The
Analyst, 95(1130), 514–518. Available from: https://doi.org/10.
1039/an9709500514

Huang, R., He, Q., Ma, J., Ma, C., Xu, Y., Song, J. et al. (2021) Quan-
titative assessment of extraction methods for bound extracellular
polymeric substances (B-EPSs) produced by Microcystis
sp. and Scenedesmus sp. Algal Research, 56(April), 102289.
Available from: https://doi.org/10.1016/j.algal.2021.102289

Kamerling, J.P., Gerwig, G.J., Vliegenthart, J.F.G. & Clamp, J.R.
(1975) Characterization by gas-liquid chromatography-mass
spectrometry and proton-magnetic-resonance spectroscopy of
pertrimethylsilyl methyl glycosides obtained in the methanolysis
of glycoproteins and glycopeptides. Biochemical Journal,
151(3), 491–495.

Kehr, J.C. & Dittmann, E. (2015) Biosynthesis and function of extra-
cellular glycans in cyanobacteria. Life, 5(1), 164–180. Available
from: https://doi.org/10.3390/life5010164

Kom�arek, J. & Anagnostidis, K.C. (2008) Teil 1/Part 1: Chroococ-
cales. In: Ettl, H., Gerloff, J., Heynig, H. & Mollenhauer, D. (Eds.)
Süßwasserflora von Mitteleuropa, Berlin, HD: Spektrum Akade-
mischer Verlag. pp. 1–556.

Kruk, C., Segura, A.M., Nogueira, L., Alc�antara, I., Calliari, D.,
Martínez de la Escalera, G. et al. (2017) A multilevel trait-based
approach to the ecological performance of Microcystis aerugi-
nosa complex from headwaters to the ocean. Harmful Algae, 70,
23–36. Available from: https://doi.org/10.1016/j.hal.2017.10.004

Lance, E., Brient, L., Carpentier, A., Acou, A., Marion, L.,
Bormans, M. et al. (2010) Impact of toxic cyanobacteria on gas-
tropods and microcystin accumulation in a eutrophic lake
(grand-lieu, France) with special reference to Physa (=Physella)
acuta. Science of the Total Environment, 408(17), 3560–3568.
Available from: https://doi.org/10.1016/j.scitotenv.2010.04.050

Laplace-Treyture, C., Barbe, J., Dutartre, A., Druart, J.C., Rimet, F., &
Anneville, O. (2009). Protocole standardisé d’échantillonnage,
de conservation, d’observation et de dénombrement du

phytoplancton en plan d’eau pour la mise en oeuvre de la DCE:
version 3.3.1. [Rapport Technique] irstea. 2009, pp. 44.

Laspidou, C.S. & Rittmann, B.E. (2002) A unified theory for extracellu-
lar polymeric substances, soluble microbial products, and active
and inert biomass. Water Research, 36(11), 2711–2720.

Lehman, P.W., Boyer, G., Hall, C., Waller, S. & Gehrts, K. (2005) Dis-
tribution and toxicity of a new colonial Microcystis aeruginosa
bloom in the San Francisco Bay estuary, California. Hydrobiolo-
gia, 541(1), 87–99. Available from: https://doi.org/10.1007/
s10750-004-4670-0

Li, M., Zhu, W., Gao, L. & Lu, L. (2013) Changes in extracellular poly-
saccharide content and morphology of Microcystis aeruginosa at
different specific growth rates. Journal of Applied Phycology,
25(4), 1023–1030. Available from: https://doi.org/10.1007/
s10811-012-9937-7

Li, P., Liu, Z. & Xu, R. (2001) Chemical characterisation of the
released polysaccharide from the cyanobacterium Aphanothece
halophytica GR02. Journal of Applied Phycology, 13(1), 71–77.
Available from: https://doi.org/10.1023/A:1008109501066

Liu, H. & Fang, H.H.P. (2002) Extraction of extracellular polymeric
substances (EPS) of sludges. Journal of Biotechnology, 95(3),
249–256. Available from: https://doi.org/10.1016/S0168-1656
(02)00025-1

Liu, L., Huang, Q. & Qin, B. (2018) Characteristics and roles of Micro-
cystis extracellular polymeric substances (EPS) in cyanobacter-
ial blooms: a short review. Journal of Freshwater Ecology, 33(1),
183–193. Available from: https://doi.org/10.1080/02705060.
2017.1391722

Liu, L., Qin, B., Zhang, Y., Zhu, G., Gao, G., Huang, Q. et al. (2014)
Extraction and characterization of bound extracellular polymeric
substances from cultured pure cyanobacterium (Microcystis
wesenbergii). Journal of Environmental Sciences (China), 26(8),
1725–1732. Available from: https://doi.org/10.1016/j.jes.2014.
06.013

Ma, J., Brookes, J.D., Qin, B., Paerl, H.W., Gao, G., Wu, P. et al.
(2014) Environmental factors controlling colony formation in
blooms of the cyanobacteria Microcystis spp. in Lake Taihu,
China. Harmful Algae, 31, 136–142. Available from: https://doi.
org/10.1016/j.hal.2013.10.016

Mague, T.H., Friberg, E., Hughes, D.J. & Morris, I. (1980) Extracellu-
lar release of carbon by marine phytoplankton: a physiological
approach. Limnology and Oceanography, 25(2), 262–279. Avail-
able from: https://doi.org/10.4319/lo.1980.25.2.0262

Martin, C., Codd, G.A., Siegelman, H.W. & Weckesser, J. (1989)
Lipopolysaceharides and polysaccharides of the cell envelope
of toxic Microcystis aeruginosa strains. Archives of Microbiology,
152, 90–94.

Meriluoto, J., Spoof, L. & Codd, G.A. (2017) Handbook of cyanobac-
terial monitoring and cyanotoxin analysis. West Sussex, UK:
John Wiley & Sons.

Metcalf, J.S., Richer, R., Cox, P.A. & Codd, G.A. (2012) Cyanotoxins
in desert environments may present a risk to human health. Sci-
ence of the Total Environment, 421–422, 118–123. Available
from: https://doi.org/10.1016/j.scitotenv.2012.01.053

Montreuil, J., Bouquelet, S., Debray, H., Fournet, B., Spik, G.,
Strecker, G. et al. (1986) Carbohydrate analysis: a practical
approach. In: Chaplin, M. F., & Kennedy, J. F. (Eds.) Carbohydrate
analysis: a practical approach. Oxford: IRL Press, pp. 143–204.

Murphy, J. & Riley, J.P. (1962) A modified single solution method for
the determination of phosphate in natural waters. Analytica Chi-
mica Acta, 27 (C), 31–36. Available from: https://doi.org/10.
1016/S0003-2670(00)88444-5

Nakagawa, M., Takamura, Y. & Yagi, O. (1987) Isolation and charac-
terization of the slime from a cyanobacterium, Microcystis aeru-
ginosa K-3A. Agricultural and Biological Chemistry, 51(2),
329–337.

Nicolaus, B., Panico, A., Lama, L., Romano, I., Manca, M.C., De
Giulio, A. et al. (1999) Chemical composition and production of

794 REIGNIER ET AL.

 17582229, 2023, 6, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13200 by IFR
E

M
E

R
 C

entre B
retagne B

L
P, W

iley O
nline L

ibrary on [04/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2216/i0031-8884-36-3-181.1
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1111/j.1365-2672.2012.05405.x
https://doi.org/10.3390/toxins12030192
https://doi.org/10.3390/toxins12030192
https://doi.org/10.1128/AEM.01614-19
https://doi.org/10.1128/AEM.01614-19
https://doi.org/10.1039/an9709500514
https://doi.org/10.1039/an9709500514
https://doi.org/10.1016/j.algal.2021.102289
https://doi.org/10.3390/life5010164
https://doi.org/10.1016/j.hal.2017.10.004
https://doi.org/10.1016/j.scitotenv.2010.04.050
https://doi.org/10.1007/s10750-004-4670-0
https://doi.org/10.1007/s10750-004-4670-0
https://doi.org/10.1007/s10811-012-9937-7
https://doi.org/10.1007/s10811-012-9937-7
https://doi.org/10.1023/A:1008109501066
https://doi.org/10.1016/S0168-1656(02)00025-1
https://doi.org/10.1016/S0168-1656(02)00025-1
https://doi.org/10.1080/02705060.2017.1391722
https://doi.org/10.1080/02705060.2017.1391722
https://doi.org/10.1016/j.jes.2014.06.013
https://doi.org/10.1016/j.jes.2014.06.013
https://doi.org/10.1016/j.hal.2013.10.016
https://doi.org/10.1016/j.hal.2013.10.016
https://doi.org/10.4319/lo.1980.25.2.0262
https://doi.org/10.1016/j.scitotenv.2012.01.053
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0003-2670(00)88444-5


exopolysaccharides from representative members of heterocys-
tous and non-heterocystous cyanobacteria. Phytochemistry,
52(4), 639–647. Available from: https://doi.org/10.1016/S0031-
9422(99)00202-2

Nielsen, P.H. & Jahn, A. (1999) Extraction of EPS. In: Wingender, J.,
Neu, T. R., & Flemming, H. C. (Eds.), Microbial extracellular
polymeric substances: characterization, structure and function,
Berlin, HD: Springer, pp. 49–72. https://doi.org/10.1007/978-
3-642-60147-7_3

O’Neil, J.M., Davis, T.W., Burford, M.A. & Gobler, C.J. (2012) The rise
of harmful cyanobacteria blooms: the potential roles of eutrophi-
cation and climate change. Harmful Algae, 14, 313–334. Avail-
able from: https://doi.org/10.1016/j.hal.2011.10.027

Orr, P.T., Jones, G.J. & Douglas, G.B. (2004) From the Swan River,
Australia, to elevated salt concentration and consequences for
bloom and toxin management in estuaries. Marine and Freshwa-
ter Research, 55(3), 277.

Ozturk, S. & Aslim, B. (2010) Modification of exopolysaccharide com-
position and production by three cyanobacterial isolates under
salt stress. Environmental Science and Pollution Research,
17(3), 595–602. Available from: https://doi.org/10.1007/s11356-
009-0233-2

Paerl, H.W., Otten, T.G. & Kudela, R. (2018) Mitigating the expansion
of harmful algal blooms across the freshwater-to-marine contin-
uum. Environmental Science and Technology, 52(10), 5519–
5529. Available from: https://doi.org/10.1021/acs.est.7b05950

Pannard, A., Pédrono, J., Bormans, M., Briand, E., Claquin, P. &
Lagadeuc, Y. (2016) Production of exopolymers (EPS) by cya-
nobacteria: impact on the carbon-to-nutrient ratio of the particu-
late organic matter. Aquatic Ecology, 50(1), 29–44. Available
from: https://doi.org/10.1007/s10452-015-9550-3

Pereira, S., Zille, A., Micheletti, E., Moradas-Ferreira, P., De
Philippis, R. & Tamagnini, P. (2009) Complexity of cyanobacter-
ial exopolysaccharides: composition, structures, inducing factors
and putative genes involved in their biosynthesis and assembly.
FEMS Microbiology Reviews, 33(5), 917–941. Available from:
https://doi.org/10.1111/j.1574-6976.2009.00183.x

Plude, J.L., Parker, D.L., Schommer, O.J., Timmerman, R.J.,
Hagstrom, S.A., Joers, J.M. et al. (1991) Chemical characteriza-
tion of polysaccharide from the slime layer of the cyanobacte-
rium Microcystis flos-aquae C3-40. Applied and Environmental
Microbiology, 57(6), 1696–1700. Available from: https://doi.org/
10.1128/aem.57.6.1696-1700.1991

Preece, E.P., Hardy, F.J., Moore, B.C. & Bryan, M. (2017) A review of
microcystin detections in estuarine and marine waters: environ-
mental implications and human health risk. Harmful Algae, 61,
31–45. Available from: https://doi.org/10.1016/j.hal.2016.11.006

Qiu, Y., Ma, Z., Liu, X., Zheng, R., Xiao, Y. & Wang, M. (2022) The
detrimental effect of high salinity on the growth and Microcystins
contamination of Microcystis aeruginosa. Water, 14(18), 2871.
Available from: https://doi.org/10.3390/w14182871

Qu, F., Liang, H., Wang, Z., Wang, H., Yu, H. & Li, G. (2012) Ultrafil-
tration membrane fouling by extracellular organic matters (EOM)
of Microcystis aeruginosa in stationary phase: influences of
interfacial characteristics of foulants and fouling mechanisms.
Water Research, 46(5), 1490–1500. Available from: https://doi.
org/10.1016/j.watres.2011.11.051

Qu, Z., Zhao, M., Duan, P. & Li, M. (2018) Effects of nitrogen forms
and supply modes on colony formation in Microcystis aerugi-
nosa. Journal of Applied Phycology, 30(2), 831–837. Available
from: https://doi.org/10.1007/s10811-017-1327-8

Rigosi, A., Carey, C.C., Ibelings, B.W. & Brookes, J.D. (2014) The
interaction between climate warming and eutrophication to pro-
mote cyanobacteria is dependent on trophic state and varies
among taxa. Limnology and Oceanography, 59(1), 99–114.
Available from: https://doi.org/10.4319/lo.2014.59.1.0099

Rippka, R., Deruelles, J. & Waterbury, J.B. (1979) Generic assign-
ments, strain histories and properties of pure cultures of

cyanobacteria. Journal of General Microbiology, 111(1), 1–61.
Available from: https://doi.org/10.1099/00221287-111-1-1

Robson, B.J. & Hamilton, D.P. (2003) Summer flow event induces a
cyanobacterial bloom in a seasonal Western Australian estuary.
Marine and Freshwater Research, 54(2), 139–151. Available
from: https://doi.org/10.1071/MF02090

Ross, C., Warhurst, B.C., Brown, A., Huff, C. & Ochrietor, J.D. (2019)
Mesohaline conditions represent the threshold for oxidative
stress, cell death and toxin release in the cyanobacterium Micro-
cystis aeruginosa. Aquatic Toxicology, 206, 203–211. Available
from: https://doi.org/10.1016/j.aquatox.2018.11.019

Rossi, F. & De Philippis, R. (2015) Role of cyanobacterial exopoly-
saccharides in phototrophic biofilms and in complex microbial
mats. Life, 5(2), 1218–1238. Available from: https://doi.org/10.
3390/life5021218

Rossi, F. & De Philippis, R. (2016) Exocellular polysaccharides in
microalgae and cyanobacteria: chemical features, role and
enzymes and genes involved in their biosynthesis. In: Boro-
witzka, M., Beardall, J., & Raven, J. (Eds.), The physiology of
microalgae, Cham: Springer, pp. 565–590.

Roux, P., Siano, R., Collin, K., Bilien, G., Sinquin, C., Marchand, L.
et al. (2021) Bacteria enhance the production of extracellular
polymeric substances by the green dinoflagellate Lepidodinium
chlorophorum. Scientific Reports, 11(1), 1–16. Available from:
https://doi.org/10.1038/s41598-021-84253-2

Sampognaro, L., Eirín, K., Martínez de la Escalera, G., Piccini, C.,
Segura, A. & Kruk, C. (2020) Experimental evidence on the
effects of temperature and salinity in morphological traits of the
Microcystis aeruginosa complex. Journal of Microbiological
Methods, 175(March), 105971. Available from: https://doi.org/10.
1016/j.mimet.2020.105971

Santschi, P.H., Xu, C., Schwehr, K.A., Lin, P., Sun, L., Chin, W.C.
et al. (2020) Can the protein/carbohydrate ratio of exopolymeric
substances (EPS) be used as a proxy for it’s ‘stickiness’ and
other biophysical parameters. Marine Chemistry, 218(103734),
10–1016.

Sheng, G.P., Yu, H.Q. & Li, X.Y. (2010) Extracellular polymeric sub-
stances (EPS) of microbial aggregates in biological wastewater
treatment systems: a review. Biotechnology Advances, 28(6),
882–894. Available from: https://doi.org/10.1016/j.biotechadv.
2010.08.001

Sheng, G.P., Yu, H.Q. & Yu, Z. (2005) Extraction of extracellular poly-
meric substances from the photosynthetic bacterium Rhodop-
seudomonas acidophila. Applied Microbiology and
Biotechnology, 67(1), 125–130. Available from: https://doi.org/
10.1007/s00253-004-1704-5

Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gartner, F.H.,
Provenzano, M.D. et al. (1985) Measurement of protein using
bicinchoninic acid. Analytical Biochemistry, 150(1), 76–85. Avail-
able from: https://doi.org/10.1016/0003-2697(85)90442-7

Srivastava, A., Jeong, H., Ko, S.R., Ahn, C.Y., Choi, J.W.,
Park, Y.I. et al. (2019) Phenotypic niche partitioning and tran-
scriptional responses of Microcystis aeruginosa in a spatially
heterogeneous environment. Algal Research, 41(January),
101551. Available from: https://doi.org/10.1016/j.algal.2019.
101551

Sun, J. & Liu, D. (2003) Geometric models for calculating cell biovo-
lume and surface area for phytoplankton. Journal of Plankton
Research, 25(11), 1331–1346. Available from: https://doi.org/10.
1093/plankt/fbg096

Sun, P., Hui, C., Bai, N., Yang, S., Wan, L., Zhang, Q. et al. (2015)
Revealing the characteristics of a novel bioflocculant and its floc-
culation performance in Microcystis aeruginosa removal. Scien-
tific Reports, 5(October), 1–12. Available from: https://doi.org/10.
1038/srep17465

Sutherland, I.W. (2001) Exopolysaccharides in biofilms, flocs and
related structures. Water Science and Technology, 43(6),
77–86.

IMPACT OF SALINITY AND NUTRIENT ON MICROCYSTIS EPS 795

 17582229, 2023, 6, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13200 by IFR
E

M
E

R
 C

entre B
retagne B

L
P, W

iley O
nline L

ibrary on [04/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0031-9422(99)00202-2
https://doi.org/10.1016/S0031-9422(99)00202-2
https://doi.org/10.1007/978-3-642-60147-7_3
https://doi.org/10.1007/978-3-642-60147-7_3
https://doi.org/10.1016/j.hal.2011.10.027
https://doi.org/10.1007/s11356-009-0233-2
https://doi.org/10.1007/s11356-009-0233-2
https://doi.org/10.1021/acs.est.7b05950
https://doi.org/10.1007/s10452-015-9550-3
https://doi.org/10.1111/j.1574-6976.2009.00183.x
https://doi.org/10.1128/aem.57.6.1696-1700.1991
https://doi.org/10.1128/aem.57.6.1696-1700.1991
https://doi.org/10.1016/j.hal.2016.11.006
https://doi.org/10.3390/w14182871
https://doi.org/10.1016/j.watres.2011.11.051
https://doi.org/10.1016/j.watres.2011.11.051
https://doi.org/10.1007/s10811-017-1327-8
https://doi.org/10.4319/lo.2014.59.1.0099
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1071/MF02090
https://doi.org/10.1016/j.aquatox.2018.11.019
https://doi.org/10.3390/life5021218
https://doi.org/10.3390/life5021218
https://doi.org/10.1038/s41598-021-84253-2
https://doi.org/10.1016/j.mimet.2020.105971
https://doi.org/10.1016/j.mimet.2020.105971
https://doi.org/10.1016/j.biotechadv.2010.08.001
https://doi.org/10.1016/j.biotechadv.2010.08.001
https://doi.org/10.1007/s00253-004-1704-5
https://doi.org/10.1007/s00253-004-1704-5
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/j.algal.2019.101551
https://doi.org/10.1016/j.algal.2019.101551
https://doi.org/10.1093/plankt/fbg096
https://doi.org/10.1093/plankt/fbg096
https://doi.org/10.1038/srep17465
https://doi.org/10.1038/srep17465


Tan, X., Gao, W., Duan, Z., Zhu, N., Wu, X., Ali, I. et al. (2023)
Synthesis of novel algal extracellular polymeric substances
(EPS)-based hydrogels for the efficient removal and recovery of
phosphorus from contaminated waters: development, characteri-
sation, and performance. Journal of Environmental Chemical
Engineering, 11(1), 109044. Available from: https://doi.org/10.
1016/j.jece.2022.109044

Tonk, L., Bosch, K., Visser, P.M. & Huisman, J. (2007) Salt tolerance
of the harmful cyanobacterium Microcystis aeruginosa. Aquatic
Microbial Ecology, 46(2), 117–123. Available from: https://doi.
org/10.3354/ame046117

Van Le, V., Srivastava, A., Ko, S.R., Ahn, C.Y. & Oh, H.M. (2022)
Microcystis colony formation: extracellular polymeric substance,
associated microorganisms, and its application. Bioresource
Technology, 360(July), 127610. Available from: https://doi.org/
10.1016/j.biortech.2022.127610

Verspagen, J.M.H., Passarge, J., Jöhnk, K.D., Visser, P.M.,
Peperzak, L., Boers, P. et al. (2006) Water management strate-
gies against toxic Microcystis blooms in the Dutch delta. Ecologi-
cal Applications, 16(1), 313–327. Available from: https://doi.org/
10.1890/04-1953

Vogelaar, J.C.T., De Keizer, A., Spijker, S. & Lettinga, G. (2005) Bio-
flocculation of mesophilic and thermophilic activated sludge.
Water Research, 39(1), 37–46. Available from: https://doi.org/
10.1016/j.watres.2004.07.027

Wang, W., Liu, Y., Geng, L., Yang, Z. & Chen, Y. (2011) The effect of
nitrogen concentration and its interaction with light intensity on
population dynamics and polysaccharide content of Microcystis
aeruginosa. Journal of Freshwater Ecology, 26(2), 241–248.
Available from: https://doi.org/10.1080/02705060.2011.555205

Wang, W., Sheng, Y. & Jiang, M. (2022) Physiological and metabolic
responses of Microcystis aeruginosa to a salinity gradient. Envi-
ronmental Science and Pollution Research, 29(9), 13226–
13237. Available from: https://doi.org/10.1007/s11356-021-
16590-8

Wang, Y.W., Zhao, J., Li, J.H., Li, S.S., Zhang, L.H. & Wu, M. (2011)
Effects of calcium levels on colonial aggregation and buoyancy
of Microcystis aeruginosa. Current Microbiology, 62(2), 679–
683. Available from: https://doi.org/10.1007/s00284-010-9762-7

Wang, Z., Gao, M., Wang, Z., She, Z., Chang, Q., Sun, C. et al.
(2013) Effect of salinity on extracellular polymeric substances of
activated sludge from an anoxic-aerobic sequencing batch reac-
tor. Chemosphere, 93(11), 2789–2795. Available from: https://
doi.org/10.1016/j.chemosphere.2013.09.038

Wei, K., Amano, Y. & Machida, M. (2021) The effect of pH and light
on the Colony formation and buoyancy of Microcystis aerugi-
nosa UTEX-2061. Water, Air, and Soil Pollution, 232(3). Avail-
able from: https://doi.org/10.1007/s11270-021-05066-7

Wingender, J., Neu, T.R., & Flemming, H.C. (1999). What are bacte-
rial extracellular polymeric substances? In: Wingender, J., Neu,
T. R., Flemming, H. C. (Eds.), Microbial extracellular polymeric
substances. Berlin, HD: Springer. https://doi.org/10.1007/978-3-
642-60147-7_1

Xiao, M., Li, M., Duan, P., Qu, Z. & Wu, H. (2019) Insights into the
relationship between colony formation and extracellular poly-
meric substances (EPS) composition of the cyanobacterium
Microcystis spp. Harmful Algae, 83(April 2018), 34–41. Available
from: https://doi.org/10.1016/j.hal.2019.02.006

Xiao, R. & Zheng, Y. (2016) Overview of microalgal extracellular poly-
meric substances (EPS) and their applications. Biotechnology
Advances, 34(7), 1225–1244. Available from: https://doi.org/10.
1016/j.biotechadv.2016.08.004

Xu, C., Zhang, S., Chuang, C.Y., Miller, E.J., Schwehr, K.A. &
Santschi, P.H. (2011) Chemical composition and relative hydro-
phobicity of microbial exopolymeric substances (EPS) isolated
by anion exchange chromatography and their actinide-binding
affinities. Marine Chemistry, 126(1–4), 27–36. Available from:
https://doi.org/10.1016/j.marchem.2011.03.004

Xu, H., Cai, H., Yu, G. & Jiang, H. (2013) Insights into extracellular
polymeric substances of cyanobacterium Microcystis aeruginosa
using fractionation procedure and parallel factor analysis. Water
Research, 47(6), 2005–2014. Available from: https://doi.org/10.
1016/j.watres.2013.01.019

Xu, H. & Jiang, H. (2013) UV-induced photochemical heterogeneity of
dissolved and attached organic matter associated with cyano-
bacterial bloomsina eutrophic freshwater lake. Water Research,
47(17), 6506–6515. Available from: https://doi.org/10.1016/j.
watres.2013.08.021

Xu, H., Jiang, H., Yu, G. & Yang, L. (2014) Towards understanding
the role of extracellular polymeric substances in cyanobacterial
Microcystis aggregation and mucilaginous bloom formation.
Chemosphere, 117(1), 815–822. Available from: https://doi.org/
10.1016/j.chemosphere.2014.10.061

Xu, H., Yu, G. & Jiang, H. (2013) Investigation on extracellular poly-
meric substances from mucilaginous cyanobacterial blooms in
eutrophic freshwater lakes. Chemosphere, 93(1), 75–81. Avail-
able from: https://doi.org/10.1016/j.chemosphere.2013.04.077

Yang, H., Cai, Y., Xia, M., Wang, X., Shi, L., Li, P. et al. (2011) Role
of cell hydrophobicity on Colony formation in Microcystis (cyano-
bacteria). International Review of Hydrobiology, 96(2), 141–148.
Available from: https://doi.org/10.1002/iroh.201011312

Yang, Z. & Kong, F. (2012) Formation of large colonies: a defense
mechanism of Microcystis aeruginosa under continuous grazing
pressure by flagellate Ochromonas sp. Journal of Limnology,
71(1), 5. Available from: https://doi.org/10.4081/jlimnol.2012.e5

Yang, Z., Kong, F., Shi, X., Zhang, M., Xing, P. & Cao, H. (2008)
Changes in the morphology and polysaccharide content of
Microcystis aeruginosa (cyanobacteria) during flagellate grazing.
Journal of Phycology, 44(3), 716–720. Available from: https://
doi.org/10.1111/j.1529-8817.2008.00502.x

Zhang, M., Kong, F., Tan, X., Yang, Z., Cao, H. & Xing, P. (2007) Bio-
chemical, morphological, and genetic variations in Microcystis
aeruginosa due to colony disaggregation. World Journal of
Microbiology and Biotechnology, 23(5), 663–670. Available
from: https://doi.org/10.1007/s11274-006-9280-8

Zhang, Z.J., Chen, S.H., Wang, S.M. & Luo, H.Y. (2011) Characteriza-
tion of extracellular polymeric substances from biofilm in the pro-
cess of starting-up a partial nitrification process under salt stress.
Applied Microbiology and Biotechnology, 89(5), 1563–1571.
Available from: https://doi.org/10.1007/s00253-010-2947-y

Zhu, W., Dai, X. & Li, M. (2014) Relationship between extracellular
polysaccharide (EPS) content and colony size of Microcystis is
colonial morphology dependent. Biochemical Systematics and
Ecology, 55, 346–350. Available from: https://doi.org/10.1016/j.
bse.2014.04.009

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Reignier, O., Bormans,
M., Marchand, L., Sinquin, C., Amzil, Z.,
Zykwinska, A. et al. (2023) Production and
composition of extracellular polymeric
substances by a unicellular strain and natural
colonies of Microcystis: Impact of salinity and
nutrient stress. Environmental Microbiology
Reports, 15(6), 783–796. Available from: https://
doi.org/10.1111/1758-2229.13200

796 REIGNIER ET AL.

 17582229, 2023, 6, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.13200 by IFR
E

M
E

R
 C

entre B
retagne B

L
P, W

iley O
nline L

ibrary on [04/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jece.2022.109044
https://doi.org/10.1016/j.jece.2022.109044
https://doi.org/10.3354/ame046117
https://doi.org/10.3354/ame046117
https://doi.org/10.1016/j.biortech.2022.127610
https://doi.org/10.1016/j.biortech.2022.127610
https://doi.org/10.1890/04-1953
https://doi.org/10.1890/04-1953
https://doi.org/10.1016/j.watres.2004.07.027
https://doi.org/10.1016/j.watres.2004.07.027
https://doi.org/10.1080/02705060.2011.555205
https://doi.org/10.1007/s11356-021-16590-8
https://doi.org/10.1007/s11356-021-16590-8
https://doi.org/10.1007/s00284-010-9762-7
https://doi.org/10.1016/j.chemosphere.2013.09.038
https://doi.org/10.1016/j.chemosphere.2013.09.038
https://doi.org/10.1007/s11270-021-05066-7
https://doi.org/10.1007/978-3-642-60147-7_1
https://doi.org/10.1007/978-3-642-60147-7_1
https://doi.org/10.1016/j.hal.2019.02.006
https://doi.org/10.1016/j.biotechadv.2016.08.004
https://doi.org/10.1016/j.biotechadv.2016.08.004
https://doi.org/10.1016/j.marchem.2011.03.004
https://doi.org/10.1016/j.watres.2013.01.019
https://doi.org/10.1016/j.watres.2013.01.019
https://doi.org/10.1016/j.watres.2013.08.021
https://doi.org/10.1016/j.watres.2013.08.021
https://doi.org/10.1016/j.chemosphere.2014.10.061
https://doi.org/10.1016/j.chemosphere.2014.10.061
https://doi.org/10.1016/j.chemosphere.2013.04.077
https://doi.org/10.1002/iroh.201011312
https://doi.org/10.4081/jlimnol.2012.e5
https://doi.org/10.1111/j.1529-8817.2008.00502.x
https://doi.org/10.1111/j.1529-8817.2008.00502.x
https://doi.org/10.1007/s11274-006-9280-8
https://doi.org/10.1007/s00253-010-2947-y
https://doi.org/10.1016/j.bse.2014.04.009
https://doi.org/10.1016/j.bse.2014.04.009
https://doi.org/10.1111/1758-2229.13200
https://doi.org/10.1111/1758-2229.13200

	Production and composition of extracellular polymeric substances by a unicellular strain and natural colonies of Microcysti...
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Strain and culture conditions
	Natural colonies of Microcystis and batch experimentations
	Study site and sampling protocols
	Phytoplankton diversity
	Batch experimentations

	Nutrients
	EPS determination: free and attached EPS analyses

	RESULTS AND DISCUSSION
	Physico-chemical characteristics of Pen Mur reservoir and its phytoplankton/cyanobacteria community
	EPS yield and composition at salinity zero
	EPS yields
	EPS composition
	Monosaccharides composition

	Effect of a salinity shock associated or not with nutrient limitation
	Phytoplankton/cyanobacterial assemblage
	EPS yield
	EPS composition


	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


