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A B S T R A C T   

Due to climate changes and eutrophication, blooms of predominantly toxic freshwater cyanobacteria are 
intensifying and are likely to colonize estuaries, thus impacting benthic organisms and shellfish farming rep-
resenting a major ecological, health and economic risk. In the natural environment, Microcystis form large 
mucilaginous colonies that influence the development of both cyanobacterial and embedded bacterial commu-
nities. However, little is known about the fate of natural colonies of Microcystis by salinity increase. In this study, 
we monitored the fate of a Microcystis dominated bloom and its microbiome along a French freshwater-marine 
gradient at different phases of a bloom. We demonstrated changes in the cyanobacterial genotypic composition, 
in the production of specific metabolites (toxins and compatible solutes) and in the heterotrophic bacteria 
structure in response to the salinity increase. In particular M. aeruginosa and M. wesenbergii survived salinities up 
to 20. Based on microcystin gene abundance, the cyanobacteria became more toxic during their estuarine 
transfer but with no selection of specific microcystin variants. An increase in compatible solutes occurred along 
the continuum with extensive trehalose and betaine accumulations. Salinity structured most the heterotrophic 
bacteria community, with an increased in the richness and diversity along the continuum. A core microbiome in 
the mucilage-associated attached fraction was highly abundant suggesting a strong interaction between Micro-
cystis and its microbiome and a likely protecting role of the mucilage against an osmotic shock. These results 
underline the need to better determine the interactions between the Microcystis colonies and their microbiome as 
a likely key to their widespread success and adaptation to various environmental conditions.   

1. Introduction 

Toxic cyanobacterial blooms are the most widespread harmful events 
in freshwater environments, increasing in frequency and intensity due to 
anthropogenic pressures, notably eutrophication and climate change 
(Erratt et al., 2023; O’Neil et al., 2012; Paerl et al., 2018; Rigosi et al., 
2014). As a result, cyanobacterial blooms are a rapidly growing global 
threat to human and ecosystem health (Zhang et al., 2023). In the 
context of global change, the transfer of toxic freshwater cyanobacteria 
blooms to estuarine zones is set to intensify (Preece et al., 2017), jeop-
ardizing ecological and economic resources estimated at over US$ 12, 
600 billion per year (Costanza et al., 2014). These events are observed 
on a global scale (for review see Preece et al., 2017) and are becoming 

recurrent in the USA (e.g. San Francisco Estuary; Peacock et al., 2018), 
Australia (e.g. Swan River; Robson and Hamilton, 2003), Brazil (e.g. 
Patos Lagoon; De Souza et al., 2018), or even recently observed in 
France (Bormans et al., 2019). Most of the work published to-date 
indicate that the transfer of cyanobacteria is dominated by Microcystis 
aeruginosa, one of the freshwater cyanobacteria with the highest salinity 
tolerance (Black et al., 2011; Chen et al., 2015; Lewitus et al., 2008; 
Miller et al., 2010; Tonk et al., 2007; Verspagen et al., 2006). However, 
there are inter- and intraspecific variations in the ability of some 
Microcystis species/strains to acclimatize to increasing salinity gradients 
(Georges des Aulnois et al., 2019; Orr et al., 2004; Tonk et al., 2007). 
This halotolerance is thought to be partly linked to the production and 
accumulation of compatible solutes, such as sucrose and trehalose, 
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which help to balance intracellular and extracellular osmotic pressure 
(Georges des Aulnois et al., 2019; Georges des Aulnois et al., 2020; 
Hagemann, 2011; Sandrini et al., 2015; Tanabe et al., 2018). However, 
these results are laboratory-based experiments carried out on single-cell 
and monoclonal strains. Yet, in the natural environment, Microcystis 
forms large colonies surrounded by a thick mucilage made up of a 
complex of polysaccharides, nucleic acids, phospholipids and proteins 
(hereafter referred to as EPS for extracellular polymeric substances). EPS 
production by the cell is stimulated by environmental stresses (abiotic 
and/or biotic; for review see Kehr and Dittmann, 2015). By promoting 
cell aggregation and the formation of mucilaginous colonies, this 
morphological characteristic gives the population greater buoyancy in 
the water column, making them more accessible to light (Reynolds, 
2007) and nutrients (Bonnet and Poulin, 2002), as well as providing 
physical protection against grazing (Fulton and Paerl, 1987) or to cope 
with osmotic shock (Bormans et al., 2023; Reignier et al., 2023). In 
addition to these benefits, colony formation provides a habitat for het-
erotrophic bacteria embedded in the mucilage. This microenvironment, 
known as the phycosphere (named by analogy with the rhizosphere; Bell 
and Mitchell, 1972), is the site of numerous biotic interactions such as 
competition or exchange of nutrients (Fuks et al., 2005; Yuan et al., 
2009), inhibition (Ozaki et al., 2008; Rashidan and Bird, 2001) or 
stimulation of cyanobacterial growth (Casamatta and Wickstrom, 2000; 
Eiler et al., 2006; Jackrel et al., 2021), as well as biodegradation of 
cyanotoxins (Bourne et al., 2006; Briand et al., 2016) and the formation 
of aggregates (Shen et al., 2011). It has been shown that the structure 
and composition of bacterial communities associated with M. aeruginosa 
change during the development of a cyanobacterial bloom (Parveen 
et al., 2013), suggesting that the physiological state of cyanobacteria 
could have a direct impact on the community of associated bacteria. In 
addition, Penn et al. (2014), using a metatranscriptomic approach, 
highlighted the importance of the activity of bacteria associated with 
cyanobacteria in the metabolism of exudates produced and released by 
cyanobacteria, which could contribute to the maintenance of cyano-
bacterial growth by recycling carbon and nutrients. Finally, Zhu et al. 
(2016) revealed structural and functional differences in bacterial com-
munities associated with different genera of cyanobacteria, knowing 
that these genera exhibited contrasting functional capabilities, including 
in the production of secondary metabolites. Studies have indeed high-
lighted a positive correlation between the dynamics of toxic Microcystis 
genotypes and those of bacteria capable of degrading microcystins 
(MCs), suggesting a strong interaction between these two microbial 
communities (Lezcano et al., 2017; Zhu et al., 2016). Consequently, 
assessment of the Microcystis microbiome is essential for understanding 
the processes that govern cyanobacterial proliferation and their ability 
to thrive even under stressful conditions, notably during its transfer 
along the land-sea continuum. 

During these transfers, cyanotoxins (i.e. microcystins) in their par-
ticulate and dissolved forms were also found in the water column 
(Peacock et al., 2018; Preece et al., 2017) and in sediment (Bormans 
et al., 2020; Bukaveckas et al., 2017; Umehara et al., 2012). In addition, 
contaminations of marine organisms were reported (e.g. fish and shell-
fish, Amzil et al., 2023; Gibble et al., 2016; Lance et al., 2021), repre-
senting a major ecological, health and economic risk. Nevertheless, the 
prediction of the potential toxicity of Microcystis populations is still 
difficult. This is partly due (i) to the relative abundance of toxic and 
nontoxic Microcystis cells within blooms (Kaebernick and Neilan, 2001; 
Rainer and Thomas, 2003; Yancey et al., 2022), whose abundance can 
vary in time and space according to their fitness in the local environment 
(Briand et al., 2009; Sabart et al., 2010), as well as (ii) to intracellular 
regulation of toxin production (Bashir et al., 2023). 

Consequently, in situ monitoring of natural population of Microcystis 
along a freshwater-marine continuum would enable us to better assess 
the fate of the freshwater cyanobacteria, their toxins and their associ-
ated microbiome in the estuarine zone. We investigated the dynamics of 
the cyanobacterial population and its associated microbiome along a 

freshwater-marine continuum to determine (i) whether increasing 
salinity induces changes in composition (at population and genotype 
levels) and metabolism (osmolytes and cyanotoxins) of the cyano-
bacterial community, and (ii) to what extent these changes affect the 
associated microbiome. In particular we hypothesized that (1) Micro-
cystis aeruginosa would be the most salt tolerant species, (2) that the 
proportion of potentially toxic species and toxic quotas would increase 
along the salinity gradient, (3) that an increase in compatible solutes 
would occur along the continuum as a response to the osmotic stress and 
(4) that the microbiome associated with the mucilage would be better 
conserved than in the surrounding water. 

2. Material and methods 

2.1. Study site and sampling strategy 

The study site is a moderate length freshwater-marine continuum (<
10 km), located in the Morbihan (Brittany, France), from the Pen Mur 
freshwater reservoir upstream to the Pen Lan estuary and the marine 
outlet, through the Saint Eloi River. Freshwater releases from the Pen 
Mur reservoir into the estuary are frequently observed, leading to the 
transfer of cyanobacteria and cyanotoxins into the estuary (Bormans 
et al., 2019, 2020), contaminating mussels (Amzil et al., 2023) and 
estuary’s sediments (Bormans et al., 2020). 

During the summer of 2021, four stations along this freshwater- 
marine gradient were sampled. Two stations were in the freshwater 
section, F1 in the Pen Mur reservoir (47◦33′45.0288″ N, 2◦29′31.667″ W) 
and F2 in the St Eloi River downstream of the reservoir (47◦33′16.045″ 
N, 2◦29′18.207″ W), whereas E1 and E2 were located in the Pen Lan 
estuarine section (47◦31′36.358″ N, 2◦29′37.917″ W and 47◦31′4.5084″ 
N, 2◦29′55.3596 W). Sampling was performed at three separate times 
corresponding to the beginning (August 23, T0), middle (September 6, 
T1) and end (September 21, T2) of the cyanobacteria proliferation 
period observed in the freshwater reservoir (F1). To maximize the 
freshwater discharge and minimize the tidal contribution (tidal range 
between 4.3 and 4.6 m), we consistently sampled the downstream sta-
tions within 1 h of low tide. At each station, ten liters of surface water 
(depth 0.25 m) were filtered through a 500 µm net, then brought directly 
to the laboratory in the dark conditions at 4 ◦C, and processed for further 
analyses. 

2.2. Physico-chemical parameters 

Surface water temperature ( ◦C) and salinity (practical salinity unit, 
PSU) were performed in situ with a portable HQ40d multi-parameter 
probe (Hach). Upon arrival at the laboratory, water sample aliquots 
(50 mL) were processed directly for turbidity (Formazin Nephelometric 
Unit, FNU; 21,000 N IS Turbidimeter™ Hach; following the Interna-
tional Organization of Standardization ISO method 7027) and pH 
(Mettler Toledo SevenEasy™ pH-meter). For Chloropyll a and dissolved 
nutrient concentrations (phosphate, nitrate and carbon), 150 mL of 
water sample aliquots were filtered through GF/F 0.7 µm filters 
(Whatman, Buckinghamshire, UK) in duplicate for each point. Filters 
and filtrates were stored at − 20 ◦C until analysis. Chlorophyll a was 
extracted from filters using 90 % acetone for 12 h in the dark condition 
at 4 ◦C and analyzed by monochromatic spectrophotometry (Aminot and 
Kérouel, 2004). Dissolved phosphate and nitrate concentrations were 
measured in the filtrates according to common colorimetric methods 
(Aminot and Chaussepied, 1983) with a sequential Gallery analyser 
(Thermo Fisher). Phosphate concentration was measured with the 
method of Murphy and Riley (1962) and nitrate concentration was 
measured after reduction to nitrite on a cadmium-copper column 
(Henriksen and Selmer-Olsen, 1970). Dissolved organic carbon was 
measured with a high-temperature persulfate oxidation technology 
using an OI Analytical carbon analyzer (model 1010 with a 1051 
auto-sampler; Bioritech, France) following the ISO method 8245 (ISO, 
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1999). 

2.3. Phytoplankton diversity 

The standard protocol for sampling, conservation, observation and 
counting of lake phytoplankton for application of the Water Framework 
Directive (Version 3.3.1) (Laplace-Treyture et al., 2009) was followed to 
sample, identify and quantify the phytoplankton diversity. Water sample 
aliquots (20 mL) were fixed with acidic Lugol’s solution (1 % final 
concentration) and stored at 4 ◦C in the dark until analysis. 

Species determination, based on morphological criteria using refer-
ence books (Bourelly, 1985; Komárek and Anagnostidis, 2008), and 
counts were performed at a magnification of × 320 with an inverted 
microscope (Zeiss Axio observer 5, Oberkochen, Germany). For each 
sample, photographs of the various taxa were taken to estimate their 
biovolumes and their reprocessing was done using Zen 2.3 software. 
Biovolumes were based on the geometrical estimation suggested by 
Sampognaro et al. (2020) for Microcystis species and Sun and Liu (2003) 
for the other taxa. 

2.4. Chemical analysis of cyanotoxins and osmolytes by LC-MS/MS 

2.4.1. Cyanotoxin analyses 
As described in Bormans et al. (2019), 500 mL was filtered through a 

1.2 µm GF/C glass filter (Whatman) to separate the cell pellet for the 
intracellular toxins and the filtrate for dissolved extracellular toxins. 
Both filters and filtrates were frozen at - 20 ◦C until chemical analysis. 

For intracellular cyanotoxins extraction, filters were ground with 
500 mg of glass beads (0.15–0.25 mm; VWR) and 4 mL of MeOH using a 
mixer mill (MM400; Retsch) for 30 min at 30 Hz. After centrifugation at 
13 000 g for 5 min at 4 ◦C, 500 µL of supernatant were filtered through a 
0.2-µm filter (Nanosep MF; Pall) and frozen until LC–MS/MS analysis. 

For extracellular cyanotoxins extraction, filtrates were purified on a 
BondElut C18 SPE cartridge (Solid Phase Extraction; 200 mg - Agilent) 
according to the ISO 20,179 standard method (ISO, 2005). Methanolic 
extracts (VFinal = 4 mL) were also filtered through a 0.2-µm filter 
(Nanosep MF; Pall) and then frozen until LC–MS/MS analysis. 

LC-MS/MS analysis was performed by Ultra Fast Liquid Chroma-
tography (model UFLC, Nexera, Shimadzu) coupled to a triple- 
quadrupole mass spectrometer (5500 QTrap; ABSciex). Toxins were 
separated on a Kinetex XB-C18 column (2.6 µm; 100×2.1 mm; Phe-
nomenex) with water (A) and acetonitrile (B), both containing 0.1 % 
formic acid [vol/vol] at 0.3 mL min− 1 flow rate. The elution gradient 
was raised from 30 % to 80 % B in 5 min, and held during 1 min before 
dropping down during 0.5 min to the initial conditions. As described in 
Réveillon et al. (2024), mass spectrometry (MS/MS) detection was 
performed with electrospray ionization interface (ESI) in positive mode 
using multiple reaction monitoring (MRM) with two transitions per 
toxin (Table S1A). Nine certified microcystin (MC) standards 
(dmMC-RR, MC-RR, MC-YR, MC-LR, dmMC-LR, MC-LA, MC-LY, MC-LW, 
MC-LF; Novakits) and one nodularin standard (NOD; Novakits) were 
used to quantify the toxin concentration in both intracellular and 
extracellular fractions, using an external 6-point calibration curve (see 
Table S1B for the limit of detection and quantification in the methanolic 
extracts). Data acquisition and processing were performed using Analyst 
1.7.2 (ABSciex) software. 

2.4.2. Sugar and osmolyte analyses 
Methanolic extracts prepared for toxin analysis (intracellular) were 

used for sugar and osmolytes analyses. Sample analyses were performed 
on a UFLC (model UFLC, Shimadzu) coupled to a triple-quadrupole mass 
spectrometer (4000 QTrap, ABSciex) equipped with a turboV® ESI 
source. 

For sugar analysis, the chromatographic separation was performed 
on a BEH Amide column (1.7 μm, 150 × 2.1 mm, Waters) with a guard 
column (1.7 µm, 5 × 2.1 mm). The mobile phases were water (A) and 

acetonitrile (B). The flow rate was set at 0.25 mL min− 1 and the injection 
volume was 5 μL. Column and sample temperatures were maintained at 
35 ◦C and 4 ◦C, respectively. A gradient elution was used, starting with 
78 % B, decreasing to 74 % B over 9 min, then decreasing in 0.1 min to 
20 % B held for 3 min, then increasing to 78 % B in 0.1 min and held for 6 
min to equilibrate the system. The LC-MS/MS system was used in 
negative ionization and multiple reaction monitoring (MRM) mode, 
with four transitions per compound. Negative acquisition experiments 
were optimized using the following source settings: curtain gas set at 20 
psi, ion spray at − 4000 V, temperature of 450 ◦C, gas 1 and 2 set at 40 
and 50 psi, respectively, and an entrance potential of 10 V. The transi-
tions and MS/MS parameters that were used are given in Table S2A. The 
most intense transition, giving the product ion m/z 58.9, was used to 
quantify sucrose and trehalose. Compound were quantified using 
external 5-point calibration curves of standards (sucrose from Sigma- 
Aldrich, trehalose from Acros Organic) solubilized in methanol, with 
concentrations from 10 nM to 1000 nM (see Table S2B for the limit of 
detection and quantification in the methanolic extracts). 

For osmolytes (DMSP, betaine, methionine and proline) analysis, 
based on Curson et al. (2018), the chromatographic separation was 
performed with a Hypersil GOLD HILIC column (3 μm, 150 × 2.1 mm, 
Thermo Fisher Scientific) with a guard column (3 μm, 10 × 2.1 mm). The 
binary gradient consisted of water-acetonitrile (90/10 [vol/vol]) con-
taining 4.5 mM ammonium formate (A) and water-acetonitrile (5/95 
[vol/vol]) containing 5 mM ammonium formate (B). The flow rate was 
0.25 mL min− 1 and the injection volume was 5 μL. The column and 
sample temperatures were 30 ◦C and 4 ◦C, respectively. A gradient 
elution was used, starting with 90 % B during 1 min, then decreasing to 
45 % B over 7 min, held for 4 min, then increasing to 90 % B in 0.1 min 
and held for 4 min to equilibrate the system. The LC-MS/MS system was 
used in positive ionization mode and MRM, with the two transitions per 
compounds. Acquisition experiments were set up using the following 
source settings: curtain gas set at 25 psi, ion spray at 5500 V, temper-
ature of 550 ◦C, gas 1 and 2 set at 50 and 55 psi, respectively, and an 
entrance potential of 10 V. The transitions and MS/MS parameters that 
were used are given in Table S2A. The most intense transition was used 
to quantify the osmolytes. Compounds were quantified using external 
5-point calibration curves of standards (Sigma-Aldrich) solubilized in 
methanol, with concentrations from 50 nM to 5000 nM (see Table S2B 
for the limit of detection and quantification in the methanolic extracts). 
Acquisition and data processing were performed using Analyst 1.7.2 
(ABSciex) software. 

2.5. Analysis of the bacterial community 

2.5.1. DNA extraction 
Water samples (100–500 mL) were sequentially filtered in duplicate 

through a 20 µm polycarbonate membrane filter (Whatman) to collect 
attached living bacterial communities and then, 100 mL of the filtrate 
was filtered through a 0.22 µm polycarbonate membrane filter (What-
man) to recover free-living bacterial communities. Filters were stored at 
− 80 ◦C prior to DNA extraction. Genomic DNA from 20 to 0.22 µm 
polycarbonate filters was extracted using the NucleoSpin Plant II DNA 
extraction kit (Macherey Nagel) following instruction from the manu-
facturer. Briefly, in addition to the buffer solution, a solution of lyso-
syme (20 mg mL− 1; Sigma-Aldrich) and proteinase K (20 mg mL− 1; 
Macherey Nagel) was added to the crushed filters. Samples were vor-
texed and incubated for 2 h at 56 ◦C (900 rpm). The DNA extract was 
washed and purified before elution in a final volume of 100 μL of elution 
buffer. For each extract, the DNA purity and concentration were quan-
tified by UV spectrometry (NanoDropTM 2000; Thermo Scientific), and 
then normalized to 10 ng µL− 1. 

2.5.2. Quantification of potentially MC-producing microcystis cells and 
MC-degrading bacteria by real-time PCR 

The proportion of mcy genotypes in the Microcystis population was 
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determined by a real-time PCR analysis. Two target gene regions located 
on the chromosome (Tillett et al., 2000) were used : the intergenic 
spacer region within the phycocyanin (PC) operon and the mcyB region, 
which carries out one step in MC biosynthesis encoding for the Non-
ribosomal peptide synthetases (NRPS) adenylation domain that is 
responsible for the recognition of one variable amino acid of the MC 
molecule (Mikalsen et al., 2003). The primers and probes used for the PC 
and mcyB genes are specific for Microcystis (Kurmayer and Kutzenberger, 
2003), and have been described previously (Briand et al., 2009). 

The MC-degrading bacterial community possessing the mlr gene 
cluster (Bourne et al., 2006) was quantified by a real-time PCR analysis 
using the targeted mlrA gene. The mlrA gene encodes for the first enzyme 
in the degradation of MC process by bacteria (Saito et al., 2003). The 
primers and probes used for the mlrA gene are those described previ-
ously by Lezcano et al. (2018). 

Amplifications by real-time PCR was carried out using a CFX Opus 
Real-Time PCR system (BioRad). Each reaction mixture had a final 
volume of 20 μL, containing 1X QuantiTech Probe PCR Master Mix 
(Qiagen), 0.3/0.9/0.4 μM of primers (PC/mcyB/mlrA respectively), 0.1/ 
0.25/0.2 μM of probe (PC/mcyB/mlrA respectively), and 1 μL of either a 
DNA standard or sample normalized to 10 ng µL− 1. Each sample was 
prepared in duplicate. Negative control without DNA was included for 
each PCR run. Thermal cycling conditions for gene amplification were 
performed with an initial activation step at 95 ◦C for 15 min, followed by 
45 cycles of denaturation at 94 ◦C for 15 s and annealing/extension at 60 
◦C during 1 min for mcyB and PC genes, and at 62 ◦C during 1 min for 
mlrA gene. Acquisition and data processing were performed using CFX 
Maestro 2.2 software (BioRad). 

For each run of samples, serial dilutions of genomic DNA from the 
MC-producing Microcystis aeruginosa strain PCC 7806 (from the Pasteur 
Culture Collection of Cyanobacteria, Paris, France; https://webext. 
pasteur.fr/cyanobacteria/) were used to generate standard curves for 
the quantification of the mcyB and PC genes. The standard curve for the 
PC was linear between 2.17×101 and 2.17×108 gene copies with a R2 of 
0.985 and an efficiency of 103 %. The standard curve for the mcyB gene 
was linear between 2.17×101 and 2.17×108 gene copies with a R2 of 
0.989 and an efficiency of 102 %. Serial dilutions of genomic DNA from 
the MC-degrading Sphingopyxis sp. strain IM-2 (kindly provided by Dr. 
Maria Angeles Lezcano, Centro de Astrobiologia, Madrid, Spain) was 
used to generate standard curve for the quantification of the mlrA gene. 
The standard curve for the mlrA gene was linear between 9.75×101 and 
9.75×107 gene copies with a R2 of 0.991 and an efficiency of 92 %. For 
the three genes, the number of gene copies per sample was calculated 
using the standard curve of the target gene copy number versus the 
threshold cycle (Ct) for each fraction. The total number of gene copies 
per sample was obtained by summing the number of gene copies per 
fraction (attached and free-living bacterial communities fractions). 

2.5.3. Identification of the microbial consortium by 16S amplicon 
sequencing 

The bacterial community was examined with primers targeting the 
V4-V5 hypervariable region of the 16S rRNA gene using universal 
primers assembled with the Illumina adapters : Forward (NGS-515F): 5′- 
CTT TCC CTA CAC GAC GCT CTT CCG ATC TGT GYC AGC MGC CGC 
GGT AA-3′, Reverse (NGS-926R): 5′-GGA GTT CAG ACG TGT GCT CTT 
CCG ATC TCC GYC AAT TYM TTT RAG TTT-3′ (412 bp) (Parada et al., 
2016). Each PCR reaction, performed in triplicate, contained 10 ng of 
extracted DNA, 0.2 µM of each primer, 1X Taq polymerase (Phusion 
High-Fidelity PCR Master Mix with GC Buffer; Thermo Scientific) and 
DNA/RNAse free water for a total volume of 25 μL. The PCR cycle 
conditions included an initial denaturation step at 95 ◦C for 5 min, 
followed by a 32-cycle hybridization step at 95 ◦C for 30 s, 50 ◦C for 60 s 
and 72 ◦C for 60 s, ending with an elongation step at 72 ◦C for 5 min. No 
template control with nuclease-free water were performed to check 
contamination. PCR products quality and integrity were verified by gel 
electrophoresis (1 % agarose). Finally, the triplicate PCR products for 

each sample were pooled before sequencing. Secondary PCR amplifi-
cation for the addition of the Illumina compatible sequencing adapters 
and unique per-sample indexes was conducted at GeT-PlaGe France 
Genomics sequencing platform (Toulouse, France). Barcoded amplicons 
were quantified, quality-checked, normalized, pooled, and sequenced 
within one sequencing run using the 2 × 250 paired-end method on an 
Illumina MiSeq instrument with a MiSeq Reagent Kit V3 chemistry 
(Illumina), according to the manufacturer’s recommendations. The 
sequencing dataset was deposited in the European Nucleotide Archive 
(ENA) under the project number PRJEB70923. 

Bioinformatic analyses of the raw data were performed using SAMBA 
(https://gitlab.ifremer.fr/bioinfo/workflows/samba; v4.0.0), a stan-
dardized and automatized metabarcoding workflow developed by the 
Ifremer Bioinformatics Platform (SeBiMER). SAMBA was developed 
using Nextflow (Di Tommaso et al., 2017) and consists of three main 
parts: data integrity checking, bioinformatics processes, and statistical 
analyses. This workflow is mainly based on the use of QIIME 2 (Bolyen 
et al., 2019) and DADA2 (Divisive Amplicon Denoising Algorithm) 
(Callahan et al., 2016) with default parameters (unless indicated). 
Briefly, primers were removed with removal of reads with incomplete or 
incorrect primer sequences using Cutadapt (Martin, 2011). Then, 
filtered reads were clustered into ASV (Amplicon Sequence Variants) 
using DADA2 following a four steps approach: quality filtering, 
sequencing error correction, ASV inference (pairwise read merging) and 
chimera detection. A complementary step of ASV clustering was per-
formed using dbOTU3 (Olesen et al., 2017) allowing to counteract the 
identification of false-positive ASV (PCR biases, remaining sequencing 
errors). The generated ASVs were then taxonomically assigned using a 
Naive Bayesian method against the SILVA v138.1 database (Glöckner 
et al., 2017; Quast et al., 2012). 

Statistical analyses of diversity were carried out on normalized data 
by applying the CSS method on the R phyloseq object generated by the 
SAMBA workflow. The alpha diversity was investigated using four 
indices: Chao1, Shannon, Simpson’s inverse, and Pielou. Beta diversity 
analyses were achieved by ordination method using Non-metric multi-
dimensional scaling (NMDS) with Bray-Curtis dissimilarity matrices 
(Lozupone and Knight, 2005). Linear discriminant analysis (LDA) effect 
size (LEfSe) was used to identify bacterial taxa that were significantly 
enriched along the freshwater-marine continuum. This analysis was 
performed using the default settings (alpha = 0.05, effect-size threshold 
of 2). 

To identify and quantify the core microbiome, i.e. the bacterial taxa 
shared among stations and times in the attached fraction (and in all 
replicates) as defined by Neu et al. (2021), UpSetR package was used 
(Conway et al., 2017). All data and codes are available on gitlab (https: 
//gitlab.com/oreignie/DEMISEL_field.git). 

3. Results 

3.1. Physico-chemical characteristics of the freshwater-marine continuum 

The physico-chemical characteristics of the water sampled at each 
site and sampling time are presented in Table 1. Along the continuum for 
each time, water temperature was relatively constant (20 ± 2 ◦C), while 
salinity increased from upstream (0.1) to downstream (22). As the 
salinity gradient increased, nitrate concentrations decreased (N–NO3 =

4.3 mg L− 1 at F1 to 0.4 mg L− 1 at E2), while phosphate concentrations 
remained consistently low (P-PO4 < 0.14 mg L− 1). In the freshwater 
reservoir (F1), Chl a and pH, which can be used as an indicator of algal 
biomass, increased significantly during the bloom. These parameters 
presented on average an upstream to downstream decrease. Turbidity 
levels in the freshwater reservoir (F1) reached a peak of 831 FNU during 
the bloom and this high turbidity persisted along the freshwater-marine 
continuum, indicating a substantial presence of particulate organic 
matter. At the same time, DOC concentrations were higher in the 
freshwater reservoir than in the estuarine section, as well as being 
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higher during the bloom than during the post-bloom. 

3.2. Phytoplankton biomass and community composition along the 
salinity gradient 

The phytoplankton community sampled along the freshwater-marine 
continuum was strongly dominated by cyanobacteria (over 90 % in 
biovolume; Fig. 1). In particular, the cyanobacterial biomass was char-
acterized by several species of Microcystis (M. aeruginosa, M. wesenbergii, 
M. viridis, M. smithii, M. flos-aquae, M. firma, M. botrys, and Microcystis sp. 
unicellular), accounting for a minimum of 55% of the total phyto-
plankton biovolume in F1 during the post-bloom. 

During the pre-bloom, corresponding to 35 µg L− 1 of Chl a in the 
freshwater reservoir (F1), the cyanobacterial community was dominated 
by M. aeruginosa with a concentration of 2.5 × 105 cells mL− 1 (Table S3), 
while the cyanobacterial community was co-dominated in the river (F2) 
by M. aeruginosa and M. wesenbergii with an average concentration of ~3 
× 105 cells mL− 1 (Table S3). 

During the bloom, corresponding to 1322 µg L− 1 of Chl a in the 
freshwater reservoir (F1), M. aeruginosa and M. wesenbergii co- 
dominated and represented more than 85 % in biovolume of the 
phytoplankton community in the freshwater section, with a maximum 
concentration at F1 of 9 × 106 and 2 × 107 cells mL− 1 respectively 

(Table S3). In contrast, the estuarine section was characterized by low 
biomass values and a marked selection in the composition of the 
phytoplankton community. At E1, M. aeruginosa dominated the phyto-
plankton community, constituting over 80 % of the biovolume (corre-
sponding to 2.4 × 105 cells mL− 1, Table S3). However, at E2, its 
dominance declined to approximately 45 % of the phytoplankton bio-
volume (5 × 103 cells mL− 1, Table S3). Concurrently, M. botrys became 
more prominent, representing about 55 % of the phytoplankton com-
munity biovolume (8.6 × 103 cells mL− 1, Table S3). 

During the post-bloom, corresponding to 51 µg L− 1 of Chl a in the 
freshwater reservoir (F1), a co-dominance of M. aeruginosa, M. wesen-
bergii and Dolichospermum was observed representing more than 80 % of 
the phytoplankton community (i.e. 5.8 × 104, 7.4 × 104 and 6.5 × 103 

cells mL− 1 respectively, Table S3) and ~90 % in the river at F2 (i.e. 3.6 ×
105, 5.8 × 105 and 1.9 × 104 cells mL− 1, respectively, Table S3). In the 
estuarine section, characterized by low biomass values, M. aeruginosa 
was the dominant species accounting for ~50 % of the biovolume of the 
phytoplankton community (i.e. 6.2 × 104 and 5.3 × 104 cells mL− 1 at E1 
and E2, respectively, Table S3), followed by M. wesenbergii and M. botrys 
accounting for 20 % each at E1 (i.e. 1.8 × 104 cells mL− 1, Table S3) and 
by M. wesenbergii at E2 (i.e. 2.7 × 104 cells mL− 1, Table S3). Dolicho-
spermum represented less than 6 % of the phytoplankton community (i.e. 
5.2 × 102 and 8.8 × 101 cells mL− 1 at E1 and E2, respectively, Table S3). 

Table 1 
Physico-chemical parameters measured in the water at the four stations (F1, F2, E1, and E2) during pre-bloom, bloom and post-bloom campaigns.  

Time Station Salinity Water temperature ( ◦C) Turbidity (FNU) pH Chla (µg L− 1) N-NO3 (mg L− 1) P-PO4 (mg L− 1) DOC (mg L− 1) 

Pre-bloom F1 0.1 21 15 9.3 34.7 4.3 < 0.01 91.0 
F2 0.1 20 12 7.9 8.0 2.8 0.02 88.9 

Bloom F1 0.1 22 831 9.7 1321.7 2.1 0.14 21.2 
F2 0.1 22 117 7.7 24.0 2.4 0.01 4.1 
E1 8.0 21 40 7.4 11.6 1.6 0.04 16.2 
E2 22 22 39 7.7 3.6 0.4 0.07 11.8 

Post-bloom F1 0.1 19 16 8.3 50.7 2.3 < 0.01 5.9 
F2 0.1 19 16 7.7 45.4 1.6 < 0.01 3.6 
E1 5.3 18 54 7.7 6.2 0.6 0.02 4.8 
E2 20 18 73 7.7 12.5 0.4 0.04 3.1  

Fig. 1. Dynamic of the composition of phytoplankton community (histograms) expressed as biovolume proportions (see Table S3 for more details) and of Chlorophyll 
a concentration along the freshwater-marine continuum (F1, F2, E1, E2) during pre-bloom, bloom and post-bloom campaigns. 
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3.3. Spatio-temporal distribution of potentially MC-producing Microcystis 

As the cyanobacterial population was mainly composed of Micro-
cystis species, we monitored the dynamics of the relative abundance of 
potentially MC-producing Microcystis cells. The proportion of Microcystis 
cells potentially producing MCs was calculated by dividing the copy 
number of the mcyB gene (marker for potentially toxic Microcystis cells) 
by the copy number of the PC gene (marker for the total Microcystis 
population, i.e. toxic and nontoxic Microcystis cells) (Fig. 2). During the 
development of the bloom in the freshwater reservoir (F1), the relative 
abundance of mcyB gene decreased from ~64 % to 32 % at the pre- 
bloom and post-bloom respectively. For each sampling time, the rela-
tive abundance of mcyB gene increased along the freshwater-marine 
continuum, with the highest relative abundance observed at F2 (106 
± 3 %), E1 (90 ± 2 %) and E2 (44 ± 4 %) respectively at pre-bloom, 
bloom and post-bloom. 

3.4. Intracellular and extracellular MC concentrations 

The total concentration of MC observed during the study along the 
freshwater continuum averaged ~1 µg L− 1 and was mostly measured in 
the intracellular form (Fig. 3A). As a result, calculated MC quota per 
mcyB gene copy were highly contrasted from freshwater to estuary sites 
with a 500-fold and a 2-fold increase from F1 to E2 during bloom and 
post-bloom periods respectively (Fig. 4). Six of the nine MC variants 
tested could be quantified in the cyanobacterial biomass during this 
study (Fig. 3B). While the MC-LR variant predominated by more than 75 
% in the freshwater section during the pre-bloom, the toxin profiles were 
more diverse during bloom and post-bloom. For both sampling periods, 
the MC variants found averaged 40 % of MC-LR, 30 % of MC-YR, 10 % of 
MC-RR, 5 % of dmMC-LR, and less than 3 % of dmMC-RR during the 

bloom or less than 3 % of MC-LY in post-bloom samples. No particular 
selection of variants was observed along the continuum, except at E2 
station during the post-bloom where only MC-LR was detected. 

Concerning the extracellular MC concentration, a slight increase was 
observed along the freshwater-marine continuum during the post-bloom 
period (Fig. 3A). More specifically, four of the nine MC variants inves-
tigated (Fig. 3B) could be quantified in dissolved form in the water: MC- 
LR, dmMC-LR, MC-RR, and MC-YR. No particular selection of variants 
was observed in the water column along the freshwater-marine con-
tinuum, but two toxin profiles could be distinguished according to the 
bloom period. Indeed, before and during the bloom, the toxin profile 
averaged 90 % MC-LR, 8 % dmMC-LR and 2 % MC-RR. However, in the 
post-bloom period from F2 to E2, the proportion of MC-LR reduced by 
half, accounting for only 45 % of the total MC variants, while MC-YR 
increased to represent 45 % of the total MC variants. 

3.5. Spatio-temporal distribution of potentially MC-degrading bacteria 

The spatio-temporal dynamics of the potentially MC-degrading 
bacteria were monitored along the freshwater-marine continuum dur-
ing the pre-bloom, bloom and post-bloom periods (Table S4). The mlrA 
gene was detected in all sampling stations and at all times, but remained 
mainly below the limit of quantification (< 97.5 copies) and never 
exceeded 35 mlrA gene copies mL− 1. 

3.6. Intracellular osmolytes concentration 

Different intracellular metabolites were investigated and quantified 
in the cyanobacterial biomass along the freshwater-marine continuum 
during pre-bloom, bloom and post-bloom periods (Fig. 3C and D). These 
compounds are categorized as compatible solutes or osmolytes, 

Fig. 2. Dynamics of the relative abundance (%) of mcyB gene over the total Microcystis population (PC gene) along the freshwater-marine continuum (F1, F2, E1, E2) 
during pre-bloom, bloom and post-bloom campaigns. . 
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Fig. 3. Dynamic of microcystins and osmolytes along the freshwater-marine continuum (F1, F2, E1, E2) during pre-bloom, bloom and post-bloom campaigns. (A) 
Intracellular and extracellular MC concentrations, (B) relative abundance of MC variants expressed as percentage, (C) intracellular osmolytes concentration, (D) 
relative abundance of targeted osmolytes expressed as percentage. 

Fig. 4. Dynamic of the toxin quota along the freshwater-marine continuum (F1, F2, E1, E2) during pre-bloom, bloom and post-bloom campaigns.  
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belonging to the amino acid’s family (i.e. betaine, proline and methio-
nine), organosulfur compound (DMSP), as well as disaccharides such as 
sucrose and trehalose. 

Total osmolytes concentration increased 175-fold from the fresh-
water section to the estuarine section during the bloom, with a minimum 
concentration of 9 amol cell− 1 at F1 to a maximum of 1.6 × 103 amol 
cell− 1 at E2 (Fig. 3C). During the post-bloom, total osmolytes concen-
tration increased 35-fold in the freshwater reservoir (F1) while 
decreased by 10-fold in the estuary (E2) compared with the bloom 
period. All six targeted osmolytes were detected in the samples, with the 
exception of DMSP, which was only detected in freshwater samples 
during the pre-bloom period (Fig. 3D). During the bloom and post- 
bloom, the osmolyte profile differed between the freshwater and estu-
arine sections, with proline being the dominant osmolyte in the 

freshwater section and betaine in the estuarine section. Along the 
freshwater-marine continuum more betaine accumulation was observed 
at the expense of the proline, increasing its concentration more than 
2000-fold during bloom (4.5 × 10− 1 amol cell− 1 in F1 to 2.0 × 103 amol 
cell− 1 in E2) and 7-fold during post-bloom (1.7 × 101 amol cell− 1 in F1 
to 1.2 × 102 amol cell− 1 in E2). Similarly, among the targeted di-
saccharides, the freshwater-marine continuum stimulated more treha-
lose storage by increasing its concentration more than 150-fold during 
the bloom (9.6 × 10− 1 amol cell− 1 at F1 to 1.5 × 102 amol cell− 1 at E2) 
and 2-fold during the post-bloom (1.2 × 101 amol cell− 1 at F1 to 2.1 ×
101 amol cell− 1 at E2). The other two compatible solutes, sucrose and 
methionine, had similar relative abundances (<10 %). 

Fig. 5. (A) Relative abundances of total bacterial sequences at the phylum level in the free-living (FREE) and attached (ATTACHED) fractions along the freshwater- 
marine continuum (F1, F2, E1, E2) during pre-bloom (T0), bloom (T1) and post-bloom (T2) campaigns. Phylum less than 0.39 % of the total relative abundance were 
grouped together as a single group denoted “Others (Phylum < 0.39 %)”. (B) Relative abundances of the heterotrophic bacterial sequences at the family level. Family 
less than 2.56 % of the total relative abundance were grouped together as a single group denoted “Others (Family < 2.56 %)”. 
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3.7. Structure and composition of the bacterial community 

A total of 1055,100 sequences, matching to 2529 different ASVs, 
were recovered after quality filtering. After removal of Eukaryota, 
chloroplasts, mitochondrial and unassigned taxa reads, 1025,233 high- 
quality reads remained and clustered into 2393 bacterial ASVs. Across 
samples, most ASVs were assigned to Cyanobacteria (90 ASVs ac-
counting for 27 % of the total reads), Proteobacteria (34 %), Bacter-
oidota (19 %), Verrucomicrobiota (9 %) and Actinobacteriota (7 %) 
(Fig. 5A). 

The relative abundance of Cyanobacteria ranged from 10 % to 48 % 
with the highest relative abundances found in the attached fraction 
(Fig. 5A). The cyanobacterial community was dominated by two fam-
ilies, Microcystaceae and Nostocaceae (Fig. S1). Microcystaceae family 

was mainly represented by two Microcystis ASVs (dae8d and 9314f) 
accounting for 45 and 23 % of the cyanobacterial community respec-
tively (Fig. S1). Nostocaceae family was mainly represented by one 
Dolichospermum ASV (35,895) accounting for 28 % of the cyanobacterial 
community (Fig. S1). 

Sequences corresponding to Cyanobacteria were removed from the 
ASV table in order to obtain the heterotrophic bacterial community. As a 
result, 754,533 reads clustered into 2303 ASVs. Sixty-one percent of the 
reads were sequenced in the free-living fraction (460,575 reads) and 39 
% in the attached fraction (293,958 reads). Richness (Observed and 
Chao 1) and alpha diversity (Shannon and Pielou) indices of the het-
erotrophic bacterial community increased along the freshwater-marine 
continuum, with significantly higher values in the estuarine section 
(E2) than the two freshwater sites for each fraction (see p-value in 

Fig. 6. Alpha diversity box-plot displaying the number of ASVs observed, Chao1, Shannon and Pielou diversity indices for the free-living (in blue) and attached (in 
green) heterotrophic bacterial communities along the freshwater-marine continuum (F1, F2, E1, E2). Solid lines and asterisks indicate a significant difference be-
tween the freshwater section (F1 and F2) and the estuarine section (E1 and E2). P-values were calculated to compare alpha diversities based on a two-sample t-test 
using a non-parametric method with Benjamini-Hochberg correction method. 
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Fig. 6). No significant difference was observed between the two fractions 
for each sampling site. Among the top ten families (Fig. 5B), repre-
senting 63 % of the heterotrophic bacterial community, families 
belonging to Gammaproteobacteria (i.e. Aeromonadaceae, Comamona-
daceae, Moraxellaceae, Pseudomonadaceae, and Shewanellaceae) were 
dominant in the attached community (7, 5, 4, 14, 8 %, respectively), 
while Actinobacteria (mostly represented by Sporichthyaceae) and 
Gammaproteobacteria dominated the free-living community (13 and 
19.5 %, respectively). 

To investigate dissimilarities between bacterial communities, we 
performed a non-metric multidimensional scaling (nMDS) analysis 
based on Bray–Curtis distance metric (Fig. 7). Station, fraction and 
bloom stage were all significant structuring factors of the bacterial 
communities with a stress value of 0.0636. More specifically, dissimi-
larities in the bacterial community composition increased along the 
freshwater-marine continuum (PERMANOVA R2 = 34.59, p-value =
0.001) for both distinct attached and free fractions (PERMANOVA R2 =

22.52, p-value = 0.001), and regardless of bloom stage (PERMANOVA 
R2 = 8.81, p-value = 0.003). 

We further applied a Linear discriminant analysis Effect Size (LEfSe) 
on the heterotrophic bacteria dataset. Twenty-four ASVs were identified 
as biomarkers most likely explaining the differences between hetero-
trophic bacterial communities along the freshwater-marine continuum 
(Table S5). They accounted for 49 % of the total heterotrophic bacterial 
reads. A hierarchical clustering of significant discriminant ASVs was 
performed and result was visualized in a heatmap (Fig. 8). It clearly 
showed a clustering of discriminant ASVs according to fraction (free- 
living and attached) along the freshwater-marine continuum during the 
bloom. 

In the free-living bacterial communities, ASVs belonging to the 
clusters 2 and 3 were significantly more abundant, while clusters 1 and 4 
characterized the attached bacterial communities (except Terri-
microbium and Pseudarcobacter). Within free-living bacterial commu-
nities, the freshwater section differed mainly from the estuarine one by 
the presence of sequences from Terrimicrobium, Candidatus Limnoluna, 
Candidatus Planktophila, hgcl_clade (8811c and 5320d), Sporichthyaceae, 
Sedimicrobacterium and Limnohabitans, while Pseudarcobacter, Pseu-
darciella, Fluviicola, Marinobacterium, Unknown Verrumicrobiae and 
Planktomarina were discriminants ASVs for the estuarine section. 
Interestingly, in the attached fraction, Aeromonas, Pseudomonas (2ad91, 
b73de and b8ff5), Shewanella (f8c9c and 99b11), FukuN18_-
freshwater_group, Flavobacterium, Roseomonas and Chryseobacterium were 
predominantly abundant in the freshwater section, and progressively 
decreased along the estuary. 

To assess whether the mucilage-associated microbiome was 
conserved along the continuum, we examined the ASVs present in the 
attached fraction and recovered across all sites, bloom periods and 
replicates and are defined as core microbiome. Based on the UpSetR 
analysis, a total of 250 ASVs (257,557 reads) were identified (Table S6). 

This core microbiome represented 34 % of the total heterotrophic bac-
terial community. Within the attached bacterial community, the relative 
abundance of this core microbiome varied from 96 % in the freshwater 
reservoir (F1) and gradually decreased to 66 % in the estuary (E2) 
(Table S6). Among the core ASVs members, 15 dominant genera (rela-
tive abundance > 1 %) were identified and conserved along the con-
tinuum (Fig. 9), such as Acinetobacter, Aeromonas, Chryseobacterium, 
Flavobacterium, FukuN18_freshwater_group, Pseudomonas, Roseomonas, 
Shewanella and Terrimicrobium. Simultaneously, specific microbiomes 
(Fig. 9) were identified at each station regardless of the bloom stages: 
101 ASVs at F1,132 ASVs at F2, 157 ASV at E1 and 578 ASVs at E2, 
which represented less than 0.4 % of the total reads in the freshwater 
section (0.2 % at F1, 0.4 % at F2) to 1.4 % at E1 and 6.4 % at E2. 

4. Discussion 

In this study, we investigated the dynamics of the cyanobacterial 
population and its associated microbiome along a freshwater-marine 
continuum. Our objectives were to determine (i) whether increasing 
salinity induced changes in composition and metabolism of the cyano-
bacterial community, and (ii) to what extent these changes affected the 
associated microbiome. We had hypothesized that (1) Microcystis aeru-
ginosa would be the most salt tolerant species, (2) that the proportion of 
potentially toxic species and toxic quotas would increase with the 
salinity gradient, (3) that an increase in compatible solutes would occur 
along the continuum as a response to the osmotic stress and (4) that the 
microbiome associated with the mucilage would be better conserved 
than in the free fraction. All of our hypotheses were verified to various 
extent. 

4.1. Cyanobacterial community composition along the freshwater-marine 
continuum 

During our study M. aeruginosa was the dominating species of the 
freshwater phytoplankton community in the Pen Mur reservoir together 
with M. wesenbergii during the bloom and with M. wesenbergii and Doli-
chospermum during the post-bloom. These cyanobacterial species were 
observed with decreasing cell concentrations along the salinity gradient. 
These microscopic observations were in agreement with data obtained 
by 16S rRNA sequencing showing that Microcystis and Dolichospermum 
ASVs represented 67 and 28 % respectively of the cyanobacterial com-
munity during the study period along the freshwater-marine continuum. 
The short residence time (of the order of one to two days as estimated in 
Bormans et al., 2019) would not permit in situ growth of these cyano-
bacteria. Therefore, we suggest that the decrease in cyanobacterial 
biomass observed along the continuum can be attributed to the dilution 
effect of freshwater discharge mixing with estuarine waters even though 
we minimized that influence by sampling within one hour of low tides. 
Hence, the salinity gradient was the key factor structuring the 

Fig. 7. Non-metric multidimensional scaling (NMDS) ordination, based on Bray–Curtis dissimilarity, of heterotrophic bacterial communities. The plot axes show 
NMDS scores. Points in the ordination are coloured by hierarchical clustering assignment. The groups were clustered according to (A) the freshwater-marine con-
tinuum (F1, F2, E1 and E2), (B) the fraction (free-living and attached) and (C) the bloom stage (Pre-bloom, Bloom and Post-bloom). 
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cyanobacterial community along the studied freshwater-marine 
continuum. 

The Pen Mur freshwater reservoir experiences recurrent Microcystis 
blooms during summer and early autumn which are discharged down-
stream along a strong gradient of environmental conditions (Bormans 
et al., 2019, 2020). Nitrate concentration decreased from upstream to 
downstream suggesting an important freshwater discharge, while 
phosphate values showed the opposing trend due to sediment resus-
pension in the estuarine section (Bormans et al., 2019, 2020). Several 
studies worldwide reported on the cyanobacterial transfer being domi-
nated by M. aeruginosa (Preece et al., 2017 for a review), demonstrating 
a relatively high salinity threshold tolerance of that species, from 4 
(Chen et al., 2015) to 18 ppt (Lehman et al., 2005; Lewitus et al., 2008; 
Tonk et al., 2007). However, our study demonstrated for the first time 
that other cyanobacterial species, in addition to the well-studied 
M. aeruginosa, have been transferred along a freshwater-marine con-
tinuum: i.e. either M. aeruginosa with M. botrys (during the bloom 
period), or M. aeruginosa with M. botrys, M. wesenbergii and Dolicho-
spermum (during the post-bloom period). Of note, our morphological 
identifications of the estuary samples (E1, E2) may be impaired as 
M. aeruginosa and M. botrys can be confused due to similar colony 
morphology (Johansson et al., 2019), distinction made even more 
complex due to salinity-induced changes in colony morphology (e.g. cell 
and colony size; Bormans et al., 2023). Concerning the diazotrophic 
Dolichospermum genus, its occurrence simultaneously with, or alterna-
tively to, Microcystis blooms is frequently observed in eutrophic lakes 
and reservoirs during summer (Cook et al., 2004; Louati et al., 2023; 
Wang et al., 2013). Notably, Dolichospermum spp were noted previously 
in the Pen Mur reservoir, but so far never in the water column along the 
continuum, although some akinetes were recorded at F2 in the surface 
sediments (Bormans et al., 2020). Dolichospermum can also withstand 
high salinities of up to 15 g L− 1 NaCl in their natural brackish envi-
ronment (i.e. the Baltic Sea, Moisander et al. 2002) and up to 24 g L− 1 

NaCl in salt stress experiments (Houliez et al., 2021), which may explain 
their maintenance in estuarine sites during our study. Finally, although 
M. wesenbergii has received less attention due to its potential 
non-toxicity characteristic (Xu et al., 2008), it is also distributed in the 
freshwater environments widely around the world, notably in Asia (Son 
et al., 2005), Europe (Jasprica et al., 2005), America (Oberholster et al., 

2006) and Oceania (Wood et al., 2005). Recently, we have shown that 
M. wesenbergii is at least as salt-tolerant as the well-studied 
M. aeruginosa, notably due to its thick mucilage layer (Reignier et al., 
2023). Further physiological studies on this species would be of interest 
to better understand its capacity to cope under salinity stress condition. 

Overall, the cyanobacterial community, dominated by a Microcystis 
spp. assemblage, was transferred across the freshwater-marine contin-
uum. In the following, we will attempt to explain the mechanisms 
involved in the response to salt stress of this Microcystis community. 

4.2. Insight into salt tolerance of Microcystis spp 

The mechanisms of salinity tolerance in Microcystis are still unclear 
and could be related to inter- and intraspecific tolerances to salt expo-
sure (Preece et al., 2017). While the mucilage associated with the 
colonial form of Microcystis can be seen as one external defense strategy 
against salinity (Bormans et al., 2023; Kruk et al., 2017; Reignier et al., 
2023), the compatible solutes accumulation is one of the main internal 
defense strategies identified in the literature (Georges des Aulnois et al., 
2019; Hagemann, 2011). In our study, the total compatible solutes 
concentration targeted increased 175-fold from the freshwater section to 
the estuarine section during the bloom. Wang et al. (2022) also found a 
significant increase in various compatible solutes like sucrose or 
methionine in natural colonies of Microcystis in saline water simulation 
experiment (S = 5 and S = 10). 

Pade and Hagemann (2015) considered that this internal defense 
strategy in cyanobacteria occurred primarily via the production and 
accumulation of small organic molecules (osmolytes) to increase inter-
nal osmolarity, ensure water uptake and maintain cells turgescence. The 
internal defense against salinity can also occur via the active transport of 
compatible solutes from the environment. For instance, Aphanothece 
halophytica demonstrates uptake systems for glycine betaine (Moore 
et al., 1987), whereas Synechocystis has been found to have uptake 
systems for sucrose and trehalose (Mikkat et al., 1997). While trehalose 
and sucrose are mainly produced by freshwater strains, betaine and 
possibly proline dominate in halophilic strains and the major compatible 
solutes usually correlate with the salinity tolerance (Pade and Hage-
mann, 2015). In this study, trehalose accumulation/storage increased 
(150-fold) along the freshwater-marine continuum during 

Fig. 8. Heatmap of the hierarchical clustering of significant discriminant ASVs, based of the application of Linear discriminant analysis Effect Size (LEfSe) on the 
heterotrophic bacteria dataset at the bloom and post-bloom periods. For each ASVs, genus/family/class-level taxonomic assignments are listed. 
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cyanobacterial bloom. This observation confirms a halotolerance 
response of freshwater Microcystis colonies along the salinity gradient, as 
trehalose is mainly produced by freshwater Microcystis strains (Georges 
des Aulnois et al., 2019; Hagemann, 2011). Sucrose did not increase 
along the continuum supporting the view that sucrose is produced 
particularly by highly halotolerant brackish cyanobacterial strains 
(Georges des Aulnois et al., 2020; Kolman et al., 2012; Tanabe et al., 
2018). In this study, betaine accumulation increased (2000-fold) along 
the freshwater-marine continuum during cyanobacterial bloom, 
compared to proline or methionine. Betaine improves water availability 
(Gabbay-Azaria et al., 1988; Sadak and Ahmed, 2016) and protects 
growth and photosynthesis enzymes (Sakamoto and Murata, 2002), 
while proline, acting as a secondary osmoprotector (Waditee-Sirisattha 
et al., 2022), is known to regulate oxidative stress induced by salt stress 
(Kishor et al., 1995), and cellular pH (Bellinger, 1987). Betaine was 
found to act as a compatible solute for M. aeruginosa strains acclimatised 

to increasing salinities (Georges des Aulnois et al., 2019). Nevertheless, 
betaine is best known as the main osmoprotector in the most 
salt-tolerant groups of marine cyanobacteria (Kageyama and 
Waditee-Sirisattha, 2022) and also found in a wide range of other bac-
teria and plants, so we cannot rule out the hypothesis that betaine came 
from species more halotolerant than Microcystis. Finally, DMSP was only 
detected in freshwater samples during the pre-bloom period. Described 
as a putative compatible solute in marine algae (Stefels, 2000), rarely 
detected in cyanobacteria (Oren, 2007) and not detected in 
M. aeruginosa strains (Georges des Aulnois et al., 2019), we suggest that 
DMSP was originating from diatoms, chlorophytes or even halophytic 
plants present in the Pen Mur freshwater reservoir and known to be rich 
sources of DMSP (Kageyama and Waditee-Sirisattha, 2022). 

Fig. 9. UpSetR plot showing the number of specific or shared ASVs within the attached fraction in each sampling sites. The bars show the overlap between the 
indicated samples below. The bottom panel shows the relative abundances of the main ASVs shared between the four sampling sites. 
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4.3. Transfer of the potential toxicity along the freshwater-marine 
continuum 

In our study, whereas the Microcystis biomass decreased along the 
freshwater-continuum, the relative abundance of potentially MC- 
producing Microcystis increased along the freshwater-marine contin-
uum. To our knowledge, this is the first study to report the selection of 
potentially MC-producing Microcystis within a Microcystis community 
along a salinity gradient. Several studies reported spatio-temporal dy-
namics of relative abundance of potentially MC-producing strains within 
Microcystis blooms in freshwater ecosystems, and very different results 
can be found from lake to lake and from a single lake over time (Briand 
et al., 2009; Kurmayer and Kutzenberger, 2003; Lezcano et al., 2018; 
Sabart et al., 2010). What emerges from these studies is the importance 
of the effect of local environmental conditions on the fitness of poten-
tially MC-producing and non-MC-producing subpopulations. Only one 
study has looked at the spatio-temporal dynamics of toxic Microcystis 
genotypes along a salinity gradient, the 800 km continuum of the Rio 
Uruguay de la Plata (Martínez de la Escalera et al., 2017), but without 
relating it to the abundance of the total Microcystis population. Hence, 
whereas the authors observed a decreased in toxic Microcystis genotypes 
along the continuum, likely due to a dilution effect, their results high-
lighted the capacity to toxic genotypes to tolerate high-salinity condi-
tions, which is consistent with our observations. However, we 
acknowledge that considering only one of the ten mcy genes to estimate 
the relative abundance of toxic Microcystis genotypes is not sufficient to 
cover all possible genetic variability and to confidently assess genotype 
selection according to environmental conditions. 

In the present study, despite relatively low MCs concentrations (up to 
60 times lower than those found in 2017 in the freshwater section ac-
cording to Bormans et al. (2019)), the intracellular MCs content of toxic 
genotypes notably increased along the freshwater-marine continuum. 
Hence, the mcyB genotypes in the estuary were up to 2- to 500-fold more 
toxic than those in the freshwater reservoir during the post-bloom and 
the bloom, respectively. Diverse environmental, nutritional, and bio-
logical conditions can modulate MCs synthesis (see for reviews Boopathi 
and Ki, 2014; Liu et al., 2022; Neilan et al., 2013). Concerning the in-
fluence of salinity on MCs production, studies carried out to date, 
exclusively experimental and on single-cell strains of Microcystis, have 
found no impact on MCs production and suggest that MCs quotas do not 
respond to salt stress (Georges Des Aulnois et al., 2019, 2020; Tanabe 
et al., 2018 and references herein). Nevertheless, salt shock induces 
oxidative stress (Ross et al., 2019) and MCs have been found to protect 
cells from oxidative stress by binding and stabilizing proteins (Zilliges 
et al., 2011). This raises the question of whether such a mechanism can 
occur in natural Microcystis colonies along the continuum and would 
participate in the better capacity to tolerate salt shock by MC-producing 
Microcystis cells. 

Here, we observed higher concentrations of extracellular MC 
downstream, likely due to cyanobacterial cell lyses at elevated salinity 
(Tonk et al., 2007) and the dominance of three highly toxic variants (i.e. 
MC-LR, MC-YR, and dmMC-LR). These dominant MCs variants were 
transferred without specific selection along the salinity gradient, as 
already mentioned in a previous study of this continuum (Bormans et al., 
2019). Overall, these results are worrying and reinforce the need for 
continuous evaluation of risk exposure to MCs in this location as it can 
impact/contaminate estuarine even marine organisms (Amzil et al., 
2023; Ger et al., 2018; Gupta et al., 2003; Lance et al., 2010; Lehman 
et al., 2008; Otten et al., 2017). 

The relatively low level of toxicity measured in this study could be 
the result of many factors, including dilution, adsorption, abiotic or 
biotic degradation. MCs released into the environment are chemically 
stable and do not degrade easily, even following changes in light in-
tensity, pH and temperature (Harada et al., 1996; Tsuji et al., 1995, 
1996). For these reasons, the main degradation pathway for MCs is 
essentially biological, particularly bacterial (Bourne et al., 2006). The 

mlr pathway is currently the main known mechanism for MCs biodeg-
radation and involves four specialized enzymes encoded by mlrABCD 
genes (Bourne et al., 1996, 2001). However, MC-degrading genotypes 
bacteria with mlrA gene were not abundant during our study and not 
selected along the freshwater-marine continuum. Consistently, very few 
taxa belonging to the Sphingomonadacea family (i.e. Sphingomonas, 
Sphyngopyxis and Novosphingobium) and reported to possess mlr genes 
and to degrade MCs (Massey and Yang, 2020) were found in our 
sequencing dataset (<0.2 % of the total reads of the heterotroph bac-
terial community). Nevertheless, the absence of mlr genes in some iso-
lated MC-degrading bacteria (Thees et al., 2019; Lezcano et al., 2016; 
Manage, 2009), along with the relationships observed between 
mlr-lacking bacteria able to degrade organic complex compounds and 
toxic cyanobacterial blooms (Kraufeldt et al., 2019; Lezcano et al., 2017; 
Mou et al., 2013), support the hypothesis that there are bacteria lacking 
mlr genes involved in the degradation of MCs in the environment. This 
suggests the existence of alternative-mlr MC degradation pathways 
operating in nature, which may involve glutathione S-transferases and 
alkaline proteases (as indicated by Kraufeldt et al., 2019; Mou et al., 
2013; Takenaka and Watanabe, 1997). More studies would be required 
to explore this hypothesis. 

4.4. Heterotrophic bacterial community associated with Microcystis spp. 
and its transfer along the continuum 

The dominant bacterial phyla recovered in all samples (i.e. Proteo-
bacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia), were 
phyla frequently observed in association with freshwater cyanobacterial 
blooms (Li et al., 2020; Te et al., 2023; Tromas et al., 2017). These phyla 
are also prevalent in aquatic environments characterized by dynamic 
salinity shifts due to tidal action and variable freshwater inputs, as 
observed along short hydrological retention times (Herlemann et al., 
2011; Murray et al., 1996). At the ASVs level, our findings reveal sig-
nificant alterations in the composition and structure of the bacterial 
community. Spatial factors emerge as the primary influence, followed by 
the fraction and bloom period, underscoring the significance of salinity 
in shaping the microbiome structure along the freshwater-marine con-
tinuum. Shifts in bacterial community composition along aquatic 
salinity gradients have been documented in several studies (Cottrell and 
David, 2003; Crump et al., 1999; Herlemann et al., 2011; Kan et al., 
2008; Kirchman et al., 2005; Murray et al., 1996). Here, the richness and 
diversity of the heterotrophic bacterial community increased along the 
freshwater-marine continuum. Similar trend was observed along a short 
(5 km) continuum in New Zealand (Tee et al., 2021). The authors sug-
gested that the greater diversity observed in marine water compared to 
freshwater in short continuum may be attributed to ASVs being flushed 
out to the estuary. This hypothesis is supported by our findings showing 
that over 55 % of ASVs were shared between stations. Contrasting re-
sults can be found in the literature, with studies that showed no clear 
trend (Herlemann et al., 2011, 2016) or a reduction in diversity with 
increasing salinity along longer continuum (more than 2000 km long) 
(Doherty et al., 2017; Mason et al., 2016). 

In accordance with the literature, the free-living and attached bac-
terial community were distinct and differed mainly by the abundance of 
Actinobacteria (mostly represented by Sporichthyaceae) which was 
much higher in the free-living bacterial community in all samples 
(10–20 % of the sequences) compared to less than 5 % in the attached 
fraction. In previous studies on the composition of the free-living bac-
terial community from various French lakes, Actinobacteria accounted 
for 20–60 % of the sequences (Boucher et al., 2006; Debroas et al., 2009; 
Humbert et al., 2009; Parveen et al., 2013), and similar findings were 
obtained in other countries (e.g. Sekar et al., 2003; Shi et al., 2012; 
Warnecke et al., 2004). While Actinobacteria are more abundant in 
pelagic freshwater habitats (Allgaier and Grossart, 2006; Glöckner et al., 
2000; Sekar et al., 2003; Warnecke et al., 2005) than pelagic marine 
environments (Pommier et al., 2007), they remain significant members 
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of the autochthonous estuarine community (e.g. in the central Baltic Sea 
proper (Riemann et al., 2008) or in the Delaware Estuary (Kirchman 
et al., 2005), displaying adaptability to estuarine gradients (Kirchman 
et al., 2005; Langenheder et al., 2003; Stevens et al., 2007). 

Previous studies on phytoplankton aggregates dominated by Micro-
cystis have suggested that the Microcystis phycosphere hosts a distinct 
bacterial community compared to free-living communities, character-
ized by enrichment in Alpha, Gamma-proteobacteria and Bacteroidia 
and depletion in Actinobacteria (Jankowiak and Gobler, 2020; Louati 
et al., 2015; Parveen et al., 2013; Zhu et al., 2019). Specifically, we 
identified ten ASVs affiliated to either Gammaproteobacteria (Aero-
monas, Pseudomonas 2ad91, b73de and b8ff5, Shewanella f8c9c and 
99b11), or Alphaproteobacteria (Roseomonas), Bacteroidia (Fla-
vobacterium and Chryseobacterium) and Verrucomicrobiae (FukuN18_-
freshwater_group), being biomarkers of the freshwater attached bacterial 
community. These taxa are commonly associated with cyanobacterial 
blooms, notably those of Microcystis (Crevecoeur et al., 2023; Eiler and 
Bertilsson, 2004; Jankowiak and Gobler, 2020; Kim et al., 2020; Parveen 
et al., 2013; Zheng et al., 2020), suggesting their potential adaptation to 
cyanobacteria-induced conditions and their role in degrading 
cyanobacteria-derived dissolved organic matter. Interestingly, these 
biomarkers also constitute major members of the core microbiome 
(attached bacteria conserved along the continuum), demonstrating a 
high degree of connectivity along the freshwater-marine continuum, 
despite a strong environmental gradient. The question of whether these 
taxa are retrieved along the salinity gradient because they are still 
embedded in the mucus of Microcystis or attached to particulate organic 
matter remains unresolved and requires further investigation. Never-
theless, it is tempting to suggest that these bacteria, prevalent in the 
fraction associated with Microcystis in the freshwater section, may still 
be embedded in the mucus of Microcystis along the continuum, forming 
the Microcystis core microbiome. Within the mucilaginous colony, bac-
teria and Microcystis cells find a favorable environment to thrive, being 
physically protected against the salinity gradient and situated in a 
nutrient-rich habitat. One of the keys to the success of Microcystis in 
changing environments could be the cooperative microbial network. 
Previous studies have revealed close functional complementation be-
tween Microcystis and attached bacteria (Li et al., 2018), some involving 
taxa found in the Microcystis core microbiome of our study. Examples 
include metabolic interdependencies between Microcystis and Rose-
omonas for carotenoid synthesis (Pérez-Carrascal et al., 2021), between 
M. aeruginosa and attached Pseudomonas sp. in the phosphorus cycle 
(Jiang et al., 2007), and the capability of both Flavobacterium and Ver-
rucomicrobiae to degrade cyanobacteria-derived complex organic 
compounds (Berg et al., 2009; Betiku et al., 2021). While some bacteria 
facilitate the growth of cyanobacteria, others can prevent them from 
developing. Potentially algicidal bacteria, such as Chryseobacterium and 
Shewanella (Li et al., 2014; Zhang et al., 2019), were identified in the 
Microcystis core microbiome. Additionally, potentially pathogenic bac-
teria like Aeromonas and Pseudomonas (Berg et al., 2009), known to 
cause adverse health effects in humans and animals, were also present 
and should be considered when assessing the risks associated with 
cyanobacterial blooms and their transfer. 

5. Conclusions 

In conclusion, the study provides a better understanding of the dy-
namics of cyanobacterial communities, particularly dominated by 
Microcystis spp., along a freshwater-marine continuum in the Pen Mur 
reservoir. Within this gradient, M. aeruginosa stands out as the most 
halotolerant, followed by M. wesenbergii, which benefits from a thick 
mucilage layer providing physical protection against osmotic shock. 
Additionally, trehalose, betaine, and other osmoprotectors play essential 
roles in facilitating adaptation to diverse salinity levels. These findings 
illuminate the internal defense strategies employed by these cyanobac-
teria to thrive in environments characterized by varying salinities. 

Our research highlights the transfer of potentially toxic Microcystis 
genotypes across the continuum, with an increase in intracellular MC 
concentrations downstream, emphasizing the need for continuous 
monitoring due to potential ecological and health risks. 

Furthermore, the study delves into the heterotrophic bacterial 
community associated with Microcystis, revealing a highly conserved 
mucilage-associated microbiome along the continuum. The findings 
underline the crucial need to characterize the interactions that take 
place within natural Microcystis colonies with its microbiome, and to 
determine their impact on Microcystis’ fitness and ability to adapt to 
various environmental conditions, which could be the key to their 
widespread success worldwide (Cook et al., 2020; Pound et al., 2021). 
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Algues Bleues Et Rouge. Boubee, Paris.  

Bourne, D.G., Blakeley, R.L., Riddles, P., Jones, G.J., 2006. Biodegradation of the 
cyanobacterial toxin microcystin LR in natural water and biologically active slow 
sand filters. Water Res. 40 (6), 1294–1302. 

Bourne, D.G., Jones, G.J., Blakeley, R.L., Jones, A., Negri, A.P., Riddles, P., 1996. 
Enzymatic pathway for the bacterial degradation of the cyanobacterial cyclic peptide 
toxin microcystin LR. Appl. Environ. Microbiol. 62 (11), 4086–4094. 

Bourne, D.G., Riddles, P., Jones, G.J., Smith, W., Blakeley, R.L., 2001. Characterisation of 
a gene cluster involved in bacterial degradation of the cyanobacterial toxin 
microcystin LR. Environ. Toxicol. 16 (6), 523–534. 

Briand, E., Bormans, M., Gugger, M., Dorrestein, P.C., Gerwick, W.H., 2016. Changes in 
secondary metabolic profiles of Microcystis aeruginosa strains in response to 
intraspecific interactions. Environ. Microbiol. 18 (2), 384–400. 

Briand, E., Escoffier, N., Straub, C., Sabart, M., Quiblier, C., Humbert, JF., 2009. 
Spatiotemporal changes in the genetic diversity of a bloom-forming Microcystis 
aeruginosa (cyanobacteria) population. ISMe J. 3 (4), 419–429. 
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Relationships between heterotrophic bacteria and cyanobacteria in the northern 
Adriatic in relation to the mucilage phenomenon. Sci. Total Environ. 353 (1–3), 
178–188. 

Fulton, R.S., Paerl, H.W., 1987. Toxic and inhibitory effects of the blue-green alga 
Microcystis aeruginosa on herbivorous zooplankton. J. Plankton Res. 9 (5), 837–855. 

Gabbay-Azaria, R., Tel-Or, E., Schönfeld, M., 1988. Glycinebetaine as an osmoregulant 
and compatible solute in the marine cyanobacterium Spirulina subsalsa. Arch. 
Biochem. Biophys. 264 (1), 333–339. 
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