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Abstract

Proliferation of microcystin (MC) producing Microcystis aeruginosa in brackish waters
has been described in several locations and represents a new concern for public and
environmental health. While the impact of a sudden salinity increase on M.
aeruginosa physiology has been studied, less is known about the mechanisms
involved in salt tolerance after acclimation. This study aims to compare the
physiological responses of two strains of M. aeruginosa (PCC 7820 and PCC 7806),
isolated from contrasted environments, to increasing salinities. After acclimation,
growth, MC production and metabolomic analyses were conducted. For both strains,
salinity decreased the biovolume, the growth and MC production rates and induced
the accumulation of polyunsaturated lipids identified as monogalactosyldiacylglycerol.
The distinct salt tolerance (7.5 and 16.9) obtained between the freshwater (PCC
7820) and the brackish water (PCC 7806) strains suggested different strategies to
cope with the osmotic pressure, as revealed by targeted and untargeted metabolomic
analyses. Accumulation of trehalose as the main compatible solute was obtained in
the freshwater strain while sucrose was mainly accumulated in the brackish one.
Moreover, distinct levels of glycine betaine and proline accumulation were noted.
Altogether, metabolomic analysis illustrated a strain-specific response to salt

tolerance, involving compatible solutes production.
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Importance

Blooms of Microcystis aeruginosa and production of microcystins is one of the major
issue in eutrophic freshwater bodies. Recently, an increasing number of proliferations
of M. aeruginosa in brackish water has been documented. Occurrence of both M.
aeruginosa and microcystins in coastal areas represents a new threat for human and
environmental health. In order to better describe the mechanisms involved in
Microcystis proliferation in brackish water, this study used two M. aeruginosa strains
isolated from fresh and brackish waters. High salinity reduced the growth rate and
microcystin production rate of M. aeruginosa. In order to cope with higher salinities,
the strains accumulated different cyanobacterial compatible solutes, as well as

unsaturated lipids, explaining their distinct salt tolerance.
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Introduction

Due to anthropogenic activities and climate change, many freshwater ecosystems
are expected to experience an increase in salinity (S) (1). This phenomenon,
exacerbated by drought, hydrologic alterations, land use and sea level rise (2-5), is
predicted to favor the development and expansion of freshwater cyanobacteria
versus other freshwater phytoplankton (6, 7). As many freshwater cyanobacteria
produce a variety of toxins affecting both animal and human health (8), this
expansion is particularly problematic, especially concerning the genus Microcystis.
Indeed, Microcystis is currently recognized as one of the most pervasive toxic
cyanobacteria in freshwater ecosystems as blooms have been reported on all
continents but Antarctica (9). This global occurrence is explained by both a high
genomic and phenotypic plasticity (9, 10). Therefore, the biotic and abiotic factors
influencing blooms of toxic Microcystis have been well-studied in freshwater
ecosystems (9). However, the influence of salinity on their development was
overlooked despite the observation of Microcystis and the hepatotoxic microcystins
(MC) in many coastal areas (11). In most reported studies, the records of Microcystis
in coastal areas were due to the transfer of a Microcystis bloom across the
freshwater-to-marine continuum (12-17). This transfer to high salinity conditions
resulted in cell lysis and the release of soluble MCs in the water (17-19). Such
occurrences of Microcystis in coastal areas resulted ultimately in MC accumulation in
marine organisms and represented a potential new food-borne route exposure to
human health. As a result, most experimental studies conducted on the impact of
salinity on Microcystis focused on salt stress experiments (19-24), especially on
Microcystis aeruginosa as the main bloom-forming species among this genus. Those

studies defined M. aeruginosa salinity tolerance between freshwater ecosystems to
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the upper limit of the oligohaline areas (5 < S < 18) (20-22, 24-27). However, salt
stress experiments did not allow to determine the potential of Microcystis to form
blooms in brackish waters. Less frequently, blooms of Microcystis have also been
reported in brackish waters (11, 28). The first experimental study on the physiology of
M. aeruginosa PCC 7806 acclimated to distinct salinities (0 to 17.5) was conducted
by Tonk et al. (2007). This study concluded that growth and MC cellular quota of M.
aeruginosa decreased above a salinity of 10. Whereas, after acclimation of isolated
strains of M. aeruginosa, Mazur Marzec et al. (2010) did not find any effect of salinity
(0 to 14) on the total biomass of acclimated M. aeruginosa isolates after 3 weeks of
culture in controlled conditions but they also observed a decrease in MC cellular
quotas above salinity 7.

Salinity tolerance of cyanobacteria is mainly conditioned by the ability of cells to
regulate their internal osmosis through the regulation of the intracellular ionic balance
and the accumulation of compatible solutes (31). So far, several compounds were
clearly identified as compatible solutes in cyanobacteria which are sucrose,
trehalose, glucosylglycerol, glucosylglycerate, glycine betaine (GB), glutamate
betaine and proline (31). In addition, dimethylsulfoniopropionate (DMSP) has been
described as a putative compatible solute in certain microalgae (32, 33). DMSP or its
by-product DMS were more rarely detected in cyanobacteria. As far as we know,
DMSP was reported in the marine species Microcoleus lyngbyaceus and M.
chtonoplastes, Lyngbya aestuari, Trichodesmium erythraeum, the brackish water
genus Synechocystis sp. and the freshwater species Aphanizomenon flos-aquae
(33-35). In the genus Microcystis, the glucosylglycerol was the first identified
compatible solute in M. firma (36). Concerning M. aeruginosa PCC 7806 strain

specifically, Kolman et al. (37) identified the compatible solute sucrose as the main
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metabolite explaining its salt tolerance and Sandrini et al. (38) showed that this strain
and its non MC-producing mutant were less sensitive to cationic stress than other
freshwater isolates. The strain M. aeruginosa PCC 7806 was indeed isolated in
brackish water and possesses genes involved in osmotic stress response which are
not present in the other freshwater isolates (37, 38). Recently, Tanabe et al. (2018)
confirmed that the salt tolerance of Microcystis strains isolated from brackish water
may be attributable to the presence of sucrose genes that were absent in freshwater
isolates. Altogether, those studies led us to hypothesize that discrepancies in salinity
tolerance between strains isolated from freshwater and brackish water could be
explained by distinct physiological mechanisms involving the synthesis of compatible
solutes. Based on acclimated strains to different salinities, this study used a
quantitative analysis of MCs and potential compatible solutes and a non-targeted
metabolomic approach to provide new insights about the potential mechanisms
involved in salt tolerance to better understand the occurrence of M. aeruginosa in
brackish waters.

Results

Growth and salinity tolerance at contrasted salinities

After acclimation, M. aeruginosa PCC 7820 displayed positive growth at salinities
between 0.6 and 7.5 while M. aeruginosa PCC 7806 grew over a wider range of
salinities up to 16.9. Only at the lowest salinity (S = 0.6), the growth of both strains
reached a stationary phase after an exponential growth phase (4-28 days for PCC
7820; 4-24 days for PCC 7806; Fig. 1A and B). During the exponential growth phase
at salinity control, the cell concentration increased from 3.9 x 10° cells mL™ (+ 3.5 x

10* to 5.8 x 10" cells mL™ ( + 1.3 x 10°%) for PCC 7820 and 2.2 x 10° cells mL™ ( +
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9.7 x 10% to 4.7 x 10’ cells mL™ ( + 4.1 x 10°) for PCC 7820. Compared to the
control, cell concentration of both strains increased more slowly with higher salinities
(Fig. 1A and B). Indeed, the growth rates of M. aeruginosa PCC 7820 and PCC 7806
(Fig. 2) differed significantly with increasing salinities (ANOVA, PCC 7820: P value <
1.5 x 10°; PCC 7806: P value < 6.6 x 10™). For the strain M. aeruginosa PCC 7820,
no statistical difference was observed between control salinity at 0.6 and 3.7, but a
significant decrease with control was obtained at 6.4 and 7.5. Between S = 0.6 (u =
0.37 £ 0.03 day™) and S = 7.5 (u = 0.16 + 0.03 day™), the growth rate of this strain
differed by 2.3. No significant statistical difference was observed between growth
rates of M. aeruginosa PCC 7806 up to 8.4. At S = 10.7 and at higher salinities, the
growth rate of M. aeruginosa was significantly lower compared to the control
(Dunnett’s test, P values < 0.05). The growth rate of M. aeruginosa PCC 7806
differed by 2.6 between the control condition (u = 0.42 + 0.02 day ') and the highest
salinity 16.9 (1 = 0.16 + 0.02 day™) (Fig. 2).

Although salinity affected the growth rate of both strains, it did not affect the
maximum quantum yield of the photosystem Il. The F,/F, values recorded from
cultures of M. aeruginosa PCC 7820 remained in a restricted range between 0.43
and 0.55 for all salinity conditions and sampling times. The values for M. aeruginosa
PCC 7806 were also stable at each salinity between 0.29 and 0.59 (see Fig. S1 in
the supplemental material). Lowest values of F./F, were recorded for both strains at
the lowest salinity (S = 0.6).

A comparison of the relative cell size at day 14 expressed as FSC intensity was
conducted. For the strain PCC 7820, the FSC value at salinity control was 6.1 X
10° + 0.2 x 10° and 4.8 x 10° + 0.1 x 10° at the highest salinity 7.5. Similarly, for the

strain PCC 7806, the FSC value at salinity control was 8.3 x 10° + 0.4 x 10° and 3.7
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x 10° + 0.04 x 10° at the highest salinity 16.9. Relative cell size on day 14 at each
salinity significantly decreased compared to control for both strains with smaller
cells at higher salinities (ANOVA; Dunnett’s test; P value < 0.05; see Fig. S2 in the

supplemental material).

Toxin profiles and toxin production of Microcystis aeruginosa

Five different MC variants were quantified in M. aeruginosa PCC 7820 (MC-LR, MC-
LY, MC-LW, MC-LF and dmMC-LR; Fig. 3A) and two variants in PCC 7806 (MC-LR
and dmMC-LR; Fig. 3B). Cellular quotas for each MC variant of M. aeruginosa PCC
7820 increased during the exponential growth at low and intermediate salinities (S =
0.6-6.4), whereas, this pattern was not observed at the highest salinity (S = 7.5)
where MC quotas decreased over time (Fig. 3A). The MC-LR and dmMC-LR cellular
quotas of M. aeruginosa PCC 7806 remained globally constant during the entire
monitoring period at all salinities except at the highest one (S = 16.9). On average for
all sampling days at S =16.9, the MC-LR and dmMC-LR quotas differed by 2.3 and
2.5 respectively compared to the control (Fig. 3B). For both strains, MC cellular
guotas were significantly affected by salinity, time and their interaction (two-way
ANOVAs: P value < 0.05). Proportion of each variant in total MCs for PCC 7820
changed between 1.3 and 2.7-fold over time and salinity. The same range was
obtained in PCC 7806 where MC-LR and dmMC-LR proportions changed by 1.2 and
2.5-fold (data not shown).

Extracellular MCs for M. aeruginosa PCC 7820 cultures on day 4 represented 11% (
+ 1.3%) of the total MC quantified for the control salinity but increased sharply with
salinity (44, 48 and 65% at salinity 3.6, 6.4 and 7.5) (Fig. 4A). For all salinities, but

7.5, the proportion of total extracellular MC variants decreased with time and the
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accumulation of biomass. At salinities 0.6, 3.6 and 6.4, this proportion was reduced
respectively to 1.6% ( £ 0.3%), 3.1% ( = 1.1%) and 11% ( = 1.7%) by day 24.
However at salinity 7.5, an increase in the proportion of extracellular MC variants
occurred between days 14 and 24, from 42% ( = 3.1%) to 86% ( £ 2.3%) (Fig. 4A).
For M. aeruginosa PCC 7806, the proportion of MC retrieved in the culture medium
was maximum 4 days after the inoculation between 16% ( + 2.7%) and 68% ( +
2.3%). This proportion decreased over time at all salinities (Fig. 4B).

The net production rate of total MCs in both strains decreased significantly at higher
salinities (PCC 7820: ANOVA One-Way: p = 5.41 x 108, PCC 7806: Kruskall-Wallis
test p = 0.046, data not shown). For both strains and salinities, growth rate and net
MC production rate were linearly correlated according to Pearson correlation test

(PCC 7820 P value = 8.8 x 10, PCC 7806 P value = 1.1 x 10°®).

DMSP, GB and proline cellular concentrations

In all of the samples, the quantity of DMSP was below the detection limit (50 nM).
When detected, GB and proline were quantified in both strains of M. aeruginosa (Fig.
5). In M. aeruginosa PCC 7820, GB cellular concentration increased with the salinity
but decreased over time (Fig. 5A). At each sampling time, GB cellular quotas were
higher at S = 7.5 compared to the control concentrations ranging from 1.2 x 107 to
4.4 x 10 fmol cell* and 2.0 x 10™ to 2.4 x 10 fmol cell* respectively (Fig. 5A).
Similar results were obtained for PCC 7806 but with lower GB concentrations (Fig.
5B). At the salinity control and 3.6, the cellular quota of GB was below the detection
limit (50 nM) while GB was quantified at salinities between 10.7 and 16.9 (Fig. 5B).
On average over the salinities and sampling times, the cellular quota of proline in M.

aeruginosa PCC 7820 was three times greater than for the strain M. aeruginosa PCC
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7806 (Fig. 5A and B). For both strains, cellular quotas of proline increased with
salinity, but this pattern appeared to be more intense in M. aeruginosa PCC 7820

(Fig. 5A).

Metabolomic analyses

Metabolomic analyses were performed to evaluate the impact of an increase in
salinity on the metabolomes of M. aeruginosa PCC 7820 and PCC 7806 and to
highlight putative biomarkers of salinity acclimation for both strains. Based on a
matrix of 83 compounds after data filtrations, the resulting PCA score plot was
represented in Fig. 6 and the total variance due to the two main axes accounted for
81.3%. The first principal component represented the distinction between the two
strains and illustrated the intraspecific variability of M. aeruginosa (59.3%) while the
second (22%) allowed for a clustering depending on salinity (Fig. 6). Hence, for each
strain, after acclimation period, the salinity of the medium induced an evolution of the
metabolome of the two M. aeruginosa strains. For each strain, two groups of salinity
were noted. For M. aeruginosa PCC 7806, only the highest salinity (i.e. S =16.9)
formed a distinct cluster, while the two lowest and the two highest salinities were
separately grouped for M. aeruginosa PCC 7820.

In order to pinpoint metabolites that were differently expressed, we used PLS-DA that
is a well-known dimension reduction method for biomarker discovery in
metabolomics (39, 40). It constructs a set of orthogonal components that maximize
the sample covariance between the response and the linear combination of the
predictor variables, thus focusing on class separation (41). Using a PLS-DA and VIP
scores, it was possible to highlight 35 and 31 compounds that significantly

contributed to the discrimination of the different salinity classes for M. aeruginosa

10
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PCC 7820 and PCC 7806 respectively. Among these potential biomarkers, 16 were
common (i.e for variables having VIP scores > 1) to both strains while 19 were
specific to M. aeruginosa PCC 7820 and 15 to M. aeruginosa PCC 7806.

Only some VIPs could be identified (Fig. 7). Among those showing a decreased
relative expression with increasing salinity, we observed dmMC-LR for both strains
(i.e. expression pattern in agreement with targeted analysis, Fig. 7A and B) and
cyanopeptolin C but only in PCC 7806 (Fig. 7A). Concerning the biomarkers having
an increased relative expression with increasing salinity, we notably confidently
identified the second most important VIP in M. aeruginosa PCC 7820 as trehalose
(Fig. 7B). However, the VIP corresponding to the same exact mass and retention
time in M. aeruginosa PCC 7806 was sucrose. Trehalose and sucrose having the
same exact mass were discriminated by their fragmentation patterns when compared
to pure standards. Indeed, they vyielded specific ion ratios: 365.1/203.05,
365.1/183.04 and 203.05/183.04 = 0.8, 2.3 and 2.7 for sucrose and 4.5, 102 and 23
for trehalose and spectra for PCC 7806 and 7820 matched accordingly (i.e. ratios
0.7, 1.9 and 2.7 vs. 3.9, 99 and 25, respectively). But trace presence of trehalose in
PCC 7806 and sucrose in PCC 7820 cannot be totally excluded. In addition, several
monogalactosyldiacylglycerol (MGDG) were putatively identified, namely MGDG
(34:2) and (34:3) in PCC 7806 and MGDG (36:3) in both strains. MS/MS spectra
were characteristic of galactolipids (e.g. galactose-derived neutral loss of 162 or 179,
acylium ions and neutral losses corresponding to fatty acid moieties).

The relative cellular abundance of the VIPs was in general proportional to the

salinities in both strains (Fig. 7).

11
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Discussion

Salinity tolerance of M. aeruginosa

As M. aeruginosa has been reported to form blooms in brackish waters (11, 28),
studying the response of acclimated strains of M. aeruginosa to higher salt
concentration allowed to better assess the salinity tolerance of M. aeruginosa. After
acclimation, the two strains presented distinct salinity tolerance up to 7.5 and 16.9 for
M. aeruginosa PCC 7820 and PCC 7806 respectively, these salinities corresponding
to freshwater environment up to mesohaline zones (5 < S < 18) (26). The strain PCC
7806 presented a wider range of tolerance in our culture conditions compared to the
strain PCC 7820. This result could be explained by the origin of the strain (28, 38).
Our results are in agreement with field studies on the salinity tolerance of Microcystis
(3, 20, 21, 30, 42). In our experiment, an increase in salinity led to a decrease of the
growth rate for both strains, as well as a reduced cell size. Such a biovolume
decrease has already been reported as a response to both gradually increasing
salinity (29) and salt stress (31) for cyanobacteria. Tonk et al. (2007) considered this
phenomenon as a consequence of the plasmolysis during their acclimation process.
However, in our case, the biovolume decrease was observed even after acclimation.

It was a long-term response compared to plasmolysis.

Impact of salinity on MC production

12
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Factors influencing MC production as well as the inherent role of MCs are still under
debate (43). With the exception of one study (44), reports on the impact of salinity
variation concluded to a decrease of MC cellular quotas under higher salinity
conditions (23, 24, 29, 30). A decrease in MC cellular quota is frequently associated
with an increase in dissolved MC because of cell lysis (19, 23, 29). Our study also
showed that the MC cellular quota was decreased with increasing salinity for both
strains. In addition, a linear correlation was found between growth rate and net
production rate of MCs. This relation shows that MC cellular quotas in both strains
are strongly coupled to cell division, as already evidenced by Orr et al. (45).
Furthermore, as explained by Orr et al. (46), this correlation illustrates that salinity
only indirectly influences the production of MCs through its effect on growth. Also, as
a comparison, Amé and Wunderlin (2005) and Van de Waal et al. (2009), showed
that temperature and nutrients changed the MC congener ratios by up to a 82-fold
change. Our results suggested that salinity did not seem to alter the MC ratios in M.
aeruginosa in the same order of range. The extracellular MC fractions decreased
with time, indicating no significant cell lysis phenomenon. At high salinities, the higher
proportion of extracellular MCs resulted from the larger volume of inoculum. These
results suggest that no active excretion of MCs occurred in response to higher
salinities. Thus, the growth conditions were convenient for cell membrane integrity,
as well as showed by the stability of the maximum photochemical efficiency of
photosystem |l over time. As a comparison, an active release of saxitoxin and
gonyautoxins 2 and 3 can be induced by sodium and potassium increase in
Raphidiopsis another toxic bloom forming cyanobacteria (49). Based on previous
studies (29, 50) and our results, the MCs did not appear to be accumulated in M.

aeruginosa cells in response to higher salinity. Overall, the growth of the two M.

13
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aeruginosa strains was not restricted to freshwater conditions after acclimation.
Therefore, our result confirm that this genus could be considered as a salt-tolerant
cyanobacteria (6). Based on laboratory experiments, our results also support the
recommendation that the intensification of M. aeruginosa blooms in brackish waters
should be considered by the cyanobacteria harmful algal bloom monitoring programs

worldwide (6, 28).

Targeted and non-targeted analyses of metabolites at different salinities

Using a metabolomic approach, this study describes the potential metabolites
involved to sustain M. aeruginosa growth at high salinities. M. aeruginosa is
considered as an organism using the “salt-out” strategy in response to an osmolarity
of the external medium (51, 52). The “salt-out” strategy requires energy and organic
matter for the accumulation of compatible solutes, which are used instead of
inorganic ions to balance the osmotic potential and to maintain turgor (52).
Compatible solutes can be accumulated in high molar amounts in the cells without
negative impacts on the metabolism (53) and have a protective action on
macromolecules (52). Herein, the metabolomic approach was applied to follow the
evolution of the metabolome and identify biomarkers of salt acclimation. Firstly, both
targeted and untargeted approaches showed that M. aeruginosa PCC 7820 and PCC
7806 possessed distinct metabolic profiles. Despite a hon-negligible strain-specificity,
it was possible to point out an evolution of metabolite profiles in response to the
acclimation to distinct salinities. The consequences of the “salt-out” strategy as a
costing energy strategy were illustrated in this study by a slower growth rate and a

distinct metabolic profile at higher salinity compared to the control.
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Among the diversity of metabolites detected in our experiment, the relative cellular
guota of some compounds were over-expressed at higher salinity, suggesting that
these compounds could be assimilated to compatible solutes. Two compounds
identified in the literature as cyanobacterial osmolytes were detected: sucrose
(mainly produced in PCC 7806) and trehalose (mainly produced in PCC 7820) (31).
Kolman et al. (2012) found sucrose and the respective genes involved in its
biosynthesis in M. aeruginosa PCC 7806. A sucrose accumulation in the cells was
noticed after a hypoxic or a salt stress in PCC 7806 (37). After a recent work with
new isolates of M. aeruginosa strains from brackish water, Tanabe et al. (2018)
confirmed the importance of sucrose synthesis in the brackish strains, compared with
the lack of sucrose genes and synthesis in the freshwater isolates. We identified
sucrose as a VIP in M. aeruginosa PCC 7806, but we cannot exclude the presence
of trehalose based on our LC-HRMS method (i.e same retention time and mass).
Indeed, only one study did report the accumulation of trehalose in this strain in
response to light intensity stress (54). On the other hand, trehalose but not sucrose
(or only trace) was identified as a VIP in the less salt tolerant strain M. aeruginosa
PCC 7820. Occurrence of trehalose is poorly documented in M. aeruginosa. Here,
we pointed out a distinct response of these M. aeruginosa strains in response to salt
acclimation. As reviewed by Hagemann (2011) for several other genera, the
discrepancies in salt tolerance of M. aeruginosa strains could be partly explained by
the accumulation of trehalose or sucrose.

As far as we know, a restricted number of studies reported the analyses of other
identified compatible solutes using targeted analyses in Microcystis (36). DMSP is
described as a constitutive compatible solute in some microalgae (32) and was found

in low amounts in a few number of cyanobacteria genera (33). Based on our
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analyses, DMSP was not detected in M. aeruginosa, corroborating the absence of
potentially released by-product DMS observed by Steinke et al. (2018). Targeted
analyses of GB and proline led us to quantify these compounds in M. aeruginosa
PCC 7820 and PCC 7806. GB and proline have been described as compatible
solutes in other genera of cyanobacteria (31). Salt stress-induced proline is
described for E. coli, diatoms and plants (55) while GB accumulation has long been
described in response to salt increase in heterotrophic bacteria, cyanobacteria and
plants (55). Our results confirmed that GB acts as a compatible solute for M.
aeruginosa. Both strains exhibited a decline of GB after 10 days, but this may be
compensated by other compatible solutes as GB in Microcystis belongs to a larger
pool of compatible solutes. Nevertheless, accumulation of GB appeared to be
specific to more halotolerant species than M. aeruginosa, e.g. species living in
hypersaline environment (56).

Metabolomic analyses led us to putatively identify cyanopeptolin C as a VIP of low
salinity in PCC 7806 while no trace of this compound was found in PCC 7820.
Cyanopeptolin C is a secondary metabolite already reported to be produced by PCC
7806 (57, 58). Besides evidence of inhibition activity on diverse human enzymes and
toxicity for grazers (59), limited data are available about the physiological role of
cyanopeptolin C in Microcystis cells. Abiotic factors such as temperature, light
intensity and phosphorus limitation influenced the amount of cyanopeptolin C per cell
in M. aeruginosa (60) but our experiment suggested that salinity could also be an
influencing factor. Using untargeted analyses led us to putatively identify
polyunsaturated glycolipids as VIP in both strains. MGDG (36:3) in PCC 7820 and
MGDG (34:2) and (34:3) in PCC 7806 were relatively overexpressed with increasing

salinity compared to the control conditions. MGDGs are prevalent lipids in
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cyanobacterial cell and thylakoid membranes (61). As one of the major glycerolipids
found in cyanobacteria (61) MGDG play an important role in structural stabilization
and function of membranes. Membrane fluidity is strongly dependent of the lipid
unsaturation degree and composition and its evolution is recognized as one of the
mechanism involved in response to environmental fluctuation (62). Allakhverdiev et
al. (1999) studied the salt tolerance of Synechocystis PCC 6803 by comparing wild
and mutant strains, the latter did not contain polyunsaturated lipids. They concluded
that the degree of unsaturation of fatty acids is involved in the tolerance of the
photosynthetic machinery to salt stress. Moreover, this study pointed out that the
activity and synthesis of the Na'/H" antiporter system might be suppressed under salt
stress condition. This effect appeared to be counteracted by the accumulation of
unsaturated lipids (63). Up to now, the presence of genes coding for Na'/H*
antiporter in M. aeruginosa genomes appeared to be strain-dependent and correlated
to salt tolerance (38) but no data are available about the lipid composition of M.
aeruginosa in response to salt stress. ldentification of MGDGs as VIP in M.
aeruginosa in salt-acclimated strains suggested that these glycerolipids could be
considered as salt acclimated biomarkers and involved in the tolerance of M.
aeruginosa to elevated salinity. Besides the different VIP identified in this experiment,
several others presented an expression pattern close to the definition of compatible
solutes. However, exhaustive identification of the detected compounds in the
metabolomic analyses remains challenging. Hence, this study pointed out a potential
diversity of compatible solutes in the genus Microcystis which could explained the
discrepancies observed in salt tolerance among the two strains.

Herein, we showed that salinity only affected MC production indirectly through a

decrease in growth rate of both strains. Intraspecific variability in salinity tolerances
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are reflected in metabolite profiles changes between the two strains. It was possible
to identify different metabolites overexpressed in response to an increase in salinity.
These two strains did not rely on the same mechanisms in response to elevated
salinity which illustrate the plasticity of Microcystis aeruginosa in long term adaptation
to brackish conditions. Our data provide new insights about the metabolites involved
in Microcystis acclimation to higher salinity. Also, short term experiments at higher
salinity would precise whether similar mechanisms are involved in M. aeruginosa.
Further experiments based on genetic approach and specific quantification of
supplementary osmolytes in several strains of Microcystis are needed to better
understand the diversity of osmolytes in this genus. At last, further investigations are
required to confirm another hypothesis made by Orr et al. (2004) suggesting that
toxic phenotypes could survive longer at higher salinities compared to the non-toxic

ones.

Materials and methods
Organisms and culture conditions

Two axenic and toxic M. aeruginosa strains, available from the Pasteur Culture
collection of Cyanobacteria (PCC; https://webext.pasteur.fr/cyanobacteria/) were
studied, the PCC 7820 and PCC 7806 strains. Both strains were isolated from
contrasting environment, the freshwater lake Balgaries (Scotland) and the brackish
water of Braakman reservoir (Netherlands), respectively for PCC 7820 and PCC
7806. Cells were routinely grown in BG11l, which is a BG11l, medium (64)
supplemented with NaNO3 (2 mM) and NaHCO3; (10 mM), at constant temperature
of 22 £ 0.6°C under a 12:12 h light:dark cycle using cool-white fluorescent tubes

(Philips) with 35 pmol photons m? s illumination. Artificial seawater was made
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with the addition of NaCl (450 mM), KCI (10 mM), CaCl, (9 mM), MgCl, (6H,0)
(830mM) and MgSO, (7H,0) (16mM) before nutrient enrichment to achieve the
BG11+sats preparation (65). Hence, the different salinities used in this study were
obtained by mixing both media BG11, and salt enriched BG11¢ + sats . Salinity was

checked using a conductivity meter Cond 3110 Set 1 (WTW).

Acclimation

Before starting the experiment, strains were progressively acclimated to different
salinities by transferring the culture after 20 days of growth (i.e. during the
exponential growth phase) into fresh media of higher salinity. After each new
transfer, salinity was increased by 2 units. This process was repeated until
reaching the likely maximal salinity tolerance of the two strains. At the end of the
acclimation process, cultures were maintained between 25 and 50 generations at
each salinity. At least three constant growth rates confirmed the acclimation of the
strains in agreement with Macintyre and Cullen (2005). Hence, M. aeruginosa PCC
7820 and PCC 7806 were acclimated respectively to 3 salinities (3.7, 6.4 and 7.5)
and 7 salinities (3.6, 6.0, 8.4, 10.7, 12.2, 14.8 and 16.9), in addition to the control

culture condition in BG11, (S = 0.6).

Experiment
Once acclimated to each salinity, both strains were maintained in batch culture and
transferred to new fresh medium during exponential growth phase. Therefore,

triplicate batch cultures in 300 mL flask were inoculated at 1 x 10° cells mL™ with
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exponential growing cells and maintained under temperature and light conditions

described above during 30 days.

Sampling and analyses

Growth rate

Cell concentration was monitored every two days. Samples (2 mL) were fixed with
glutaraldehyde (0.1%) (Sigma-Aldrich) and stored at -80°C until analyses on an
Accuri C6 flow cytometer (Becton Dickinson) (67). Growth rate (i) was calculated
during exponential growth using least-squares regression method (68).
Furthermore, the forward scatter fluorescence (FSC) was used to compare the
mean relative cell size between salinities on sampling day 14 only (i.e. during mid-

exponential growth phase).

Maximum photochemical efficiency of photosystem Il

Maximum quantum efficiency of the photosystem Il (F./F,) was measured after 4,
10, 14 and 24 days using an Aquapen-C 100 fluorimeter (Photon Systems
Instruments). Before fluorescence analyses, samples (3 mL) were incubated in the

dark for 15 min (69).

Microcystin analyses

To determine the intra- and extracellular toxin contents after 4, 10, 14 and 24 days,

samples (15 mL) were harvested and centrifuged at 4248 g for 15 min at 4°C. The
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supernatant was directly stored at -80°C and the remaining cell pellet was
guenched in liquid nitrogen and stored at -80°C until extraction. For the extraction
of intracellular toxins, 250 mg of glass beads (0.15 - 0.25 mm, VWR) and 1 mL of
methanol (Honeywell) were added to the pellet before mechanical grinding using a
mixer mill (MM400, Retsch) during 30 min at 30 Hz. Tubes were centrifuged at
13000 g and supernatants were filtered through 0.2 um filter (Nanosep MF, Pall).
Extracellular MCs were extracted by solid phase extraction (200 mg Bond Elut C18
cartridges, Agilent) to remove salts and concentrate the MCs. After conditioning
with 3 mL of MeOH and 3 mL of Milli-Q water, 15 mL of cell-free medium were
loaded, rinsed with 2.4 mL of MeOH/Milli-Q water (5:95, v/v) and eluted with 4 mL
of MeOH. Subsequently, intracellular and extracellular MC analyses were
performed by ultra-fast liquid chromatography (Nexera, Shimadzu), coupled to a
triple quadrupole mass spectrometer (5500 QTrap, ABSciex) equipped with a
TurboV® electrospray ionization source (LC-MS/MS). The analytical
chomatographic column was a Kinetex XB C18 (100x2.1 mm, 2.6 um,
Phenomenex) equipped with a suited guard column. The column and sample
temperatures were 25°C and 4°C. The flow rate was 0.3 mL min™ and the volume
of injection 5 pL. The binary gradient consisted of water (A) and acetonitrile (B),
both containing 0.1% formic acid (v/v). The elution gradient was: 30-80% B (0-5
min), 80% B (5-6 min), 30% B (6.5-10.5 min). MS/MS detection was performed in
positive ionization mode using multiple reaction monitoring (MRM) with two
transitions per toxin (Table S1). Nine certified MC standards (Novakits) were used
to quantify MC content in both intracellular and extracellular fractions, using an
external 6-points calibration curve. Acquisition and data processing were

performed using Analyst 1.6.3 (ABSciex) software. Total recoveries (i.e. combining
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extraction recovery and remaining matrix effect when spiking before extraction) were
evaluated for intracellular and extracellular MC quantifications (Tables S3 and S4).
Intracellular MC recoveries were higher than 93% and extracellular MC recoveries
were similar between a medium with and without salt for (with differences of 3-9%)
(Tables S3 and S4). Therefore no corrective factor was applied. The net production
rate of each MC variant was calculated according to the method described by Orr

et al. (45) by application of first order rate kinetics.

DMSP, GB and proline analyses

DMSP, GB and proline quantifications were measured by LC-MS/MS on intracellular
cell extracts prepared for toxin analysis on a LC System (model UFLC XR,
Shimadzu) coupled to a triple quadrupole mass spectrometer (4000 QTrap,
ABSciex). Chromatography was performed with a Hypersil GOLD HILIC column (150
x 3.0 mm, 3 ym, ThermoScientific) with a suited guard column, based on Curson et
al. (2018). The binary gradient consisted of water/ACN (90:10; V/V) containing 4.5
mM ammonium formate (A) and water (5:95; V/V) containing 5 mM ammonium
formate (B). The flow rate was 0.4 mL min™ and injection volume was 5 uL. The
column and sample temperatures were 30°C and 4°C, respectively. The elution
gradient was 90% B (0-1 min), 90-45% B (1-8 min), 45% B (8-12 min), 90% B (12-15
min). The LC-MS/MS system was used in positive ionization mode and MRM, with
the two transitions per compounds (Table S2). Compounds were quantified using an
external 5-point calibration curves of standards (Sigma Aldrich) solubilized in
methanol, with concentrations from 50 nM to 5000 nM. Acquisition and data

processing were performed using Analyst 1.6.3 (ABSciex) software. Total
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extraction recoveries were evaluated between strains and salt conditions (Table S5).
As total recoveries did not vary more than 20% between control condition (S = 0.6)
and maximum conditions for both strains (S = 7.5 and 16.9), the quantification results

were not corrected (Table S5).

Metabolomic analysis

Data acquisition

Metabolomic analysis was only conducted on intracellular extracts prepared for toxin
analysis at day 14 (i.e. during mid-exponential growth phase). Metabolomic profiles
were acquired by Ultra-performance Liquid Chromatography — High Resolution Mass
Spectrometry (UPLC-HRMS). The instrumentation consisted of a UHPLC system
(1290 Infinity II, Agilent) coupled to a quadrupole-time of flight mass spectrometer
(QTOF 6550, Agilent) equipped with a Dual Jet Stream electrospray ionization (ESI)
interface. Analyses were carried out using an analytical core-shell Phenyl-hexyl
column (150 x 2.1 mm, 1.7 pum, Phenomenex) with a suited guard column. The
column and sample temperatures were 40°C and 4°C, respectively. The flow rate
was 0.5 mL min? and the injection volume was 5 uL. Mobile phases consisted of
water (A) and acetonitrile (B), both containing 0.1 formic acid (v/v). The following
elution gradient was used: 5% B (0-2 min), 5-100% B (2-10 min), 100% B (10-14

min), 5% B (14-18 min). Mass spectra were recorded in full-scan mode from m/z 100
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to 1700 (500 ms scan time) at a mass resolving power of 25000 full width at half-
maximum (fwhm, m/z = 922.0099) and an acquisition rate of 2 spectra s™*. A
calibration-check was performed continuously over the entire run time using
reference masses m/z 121.0509 (purine) and m/z 922.0099 (hexakis phosphazine).
Samples were randomly injected. Pool samples (QC) were prepared and injected ten
times at the beginning of the batch sequence and then every four samples (including
blank). Blanks were prepared as cell pellets (i.e. MeOH and glass beads in a
polypropylene tube). Data were deposited on DATAREF

(https://doi.org/10.12770/414f1f4c-5f1c-4€98-a187-c66216393d6e). To identify

specific compounds of interest, tandem mass spectrometry analyses were carried out
at an acquisition rate of 5 spectra s™ for MS (m/z 100 — 1700, 200 ms scan time) and
15 spectra s for MS/MS (m/z 50 — 1700, 66.7 ms scan time). Collision-induced
dissociation was performed on the 3 most intense ions above an absolute threshold
of 2000 counts. A collision energy value proportional to the m/z of the selected
precursor ion, an isolation window of 1.3 amu and a dynamic exclusion time of 30 s
were used. Annotation was conducted firstly with exact masses and freely available
databases (e.g. HMDB, LipidMaps, Metlin, KEGG, http://ceumass.eps.uspceu.es/),
Gil-de-la-Fuente et al. 2019)) then with fragmentation patterns and using a molecular

networking approach (https://gnps.ucsd.edu/, (72)). Acquisition and data processing

were performed using Mass Hunter Workstation softwares (version B.06.01 and

B.07, Agilent).

Data pre-processing and filtering
LC-MS raw data (.d) were converted to .mzXML format using MS-Convert

(Proteowizard 3.0, (73)) and processed with the XCMS package (74) under R 3.2.3
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environment. Peak picking was performed with the “centWave” algorithm, retention
time correction with the “obiwarp” algorithm, peak grouping with “bw” = 5 and “mzwid”
= 0.015 and peak filling with the default parameters.

Three successive filtering steps using in-house scripts on R were applied to remove
(i) variables with low intensities (exclusion of variables with S/N <10 compared to a
blank), (ii) signals showing high variability (exclusion of variables with a coefficient of
variation >20% in QC samples) and (iii) to suppress redundancy (exclusion of all
variables but the most intense one when the coefficient of autocorrelation >80% at
the same retention time). Pre-processing led to 298 variables and 83 variables
remained after the filtrations on which statistical analyses were performed.

Statistical analyses

Statistical analyses of the data were performed using R software (R core team). Data
are presented as mean and standard deviation (SD). After checking the
homoscedasticity and normal distribution of residuals using Bartlett and Shapiro-Wilk
tests, the effect of salinity on growth was tested using one-way analysis of variance
(ANOVA) and the post-hoc Dunnett’s test was applied to check a difference between
growth rates (in comparison to the control). Otherwise, if the hypothesis of normal
distribution and homoscedasticity of residuals were not verified a non-parametric
Kruskal-Wallis test was performed. The impact of salinity and time on the individual
MC congener quotas were checked by performing two-way ANOVAs. Two-way
ANOVA on repeated measures with time as the within subjects factor and the salinity
as the between subjects factor were conducted.The Pearson’s correlation coefficient
was calculated between growth rates and net production rates of MCs. For
metabolomics, multivariate statistical analyses were performed using MetaboAnalyst

4.0. (75). First, as different amount of cells were extracted depending on salinity
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conditions, the data were normalized to cell concentration as a sample-specific
normalization. Then, data were log transformed and Pareto scaled based on the
recommendation of Van den Berg et al. (2006). Principal component analysis (PCA)
and partial least-square discriminant analysis (PLS-DA) were used. The PLS-DA
models were validated using a permutation test (Separation distance: B/W, 1000
permutations, p-values < 0.007) and allowed us to highlight discriminant metabolites
using the variable importance in projection (VIP) score commonly used for biomarker

selection, assuming that a VIP score >1 corresponded to a ‘biomarker’.
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Figure legends

FIG 1: Cell concentrations over time for both strains at each salinity condition. (A:
Microcystis aeruginosa PCC 7820, B: Microcystis aeruginosa PCC 7806). Circles
represent means and error bars represent the standard deviations from triplicate
cultures.

FIG 2: Mean growth rate obtained during the exponential growth phase, calculated
for each salinity and on each triplicate of culture (A: Microcystis aeruginosa PCC
7820, B: Microcystis aeruginosa PCC 7806). * Significantly different to the control
condition (salinity 0.6), p < 0.05 (Dunnett test). Black circles represent means and
error bars represent the standard deviations.

FIG 3 A: Microcystin cellular quotas (including MC-LR, MC-LW, MC-LF, MC-LY,
dmMC-LR) over time and salinities for M. aeruginosa PCC 7820 and B: for M.
aeruginosa PCC 7806 (MC-LR and dmMC-LR). Error bars represent the standard

deviations (n = 3).
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FIG 4 A: Proportions of intracellular and extracellular MCs over time and salinities for
M. aeruginosa PCC 7820 and B for M. aeruginosa PCC 7806.

FIG 5 A: GB and proline cellular quotas over time and salinities for M. aeruginosa
PCC 7820 and B: for PCC 7806. Error bars represent the standard deviations (n = 3).
A lack of histogram bar means that the amount of compounds was below the
detection limit.

FIG 6 PCA score plot obtained from UPLC-HRMS profiles for both strains and all
tested salinities.

FIG 7 Details about the VIPs detected for PCC 7820 (A) and PCC 7806 (B). For each
VIP, the VIP score, the ratio m/z, the retention time on the HPLC column, the putative
identification (ID) and the relative cellular quota as a heatmap representation are
presented. NA: Compound not identified. A green color expressed a relative lower
cellular quota of a compound a sample compare to the others. Levels 1 and 2 refer to

Sumner et al. (2007) and provide a confidence level for the ID of the VIP.
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Total MC variants
[] Extracellular
Intracellular
25
0-
4 10 14 24 4 10 14 2 4 10 14 24 4 10 14 24

Time (days)

B 10.7 122 148 169
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VIP number VIP score m/z Retention time (s) ID 06 37 64 75

Accepted Manuscripf Posted Online

1 21 365.1051 47 Trehalose (Level 1)
2 18 226.9520 36 NA
7 15 2239896 34 NA
10 13 110.0089 34 NA
11 1.2 803.5639 634 MGDG (36:3) (Level 2)
12 1.2 631.1424 466 NA
13 1.2 9276624 318 NA
3 16 9355883 673 NA
4 15 9035627 682 NA High
5 15 981.5411 356 dmMC-LR (Level 2)
6 15 8895833 716 NA
8 14 8815781 667 NA
9 14 955.5447 566 NA
A 14 12 5352874 446 NA
N
g VIP score m/z Retention time (s) ID 06 36 6.0 84 10.7 12.2 14.8 16.9
§ 17 22695 3% NA
o 17 22399 34 NA
2 15 705.58 732 NA ‘
= 15 110.01 4 NA
14 365.11 a7 Sucrose (Level 1)
1.3 43719 445 NA
1.2 803.56 634 MGDG (36:3) (Level 2) Low
102 77553 626 MGDG (34:3) (Level 2)
1.1 77755 631 MGDG (34:2) (Level 2)
1.2 677.37 455 NA
1.7 607.29 597 NA
1.7 53529 446 NA
16 537.30 462 NA
16 889.58 716 NA
15 88158 667 NA
15 94355 367 Cyanopeptoline C (Level 2)
1.4 981.54 356 dmMMC-LR (Level 2)
14 95554 566 NA
B 12 51924 340 NA
1.0 51924 444 NA
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