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Abstract
Increasing evidence shows that proline accumulation may contribute to acclimation of microalgae to environmental stress 
such as excess salt or heavy metals. However, significant variability does exist among algal strains concerning the condi-
tions that promote proline synthesis, as well as the intracellular levels of the amino acid that are reached and maintained 
under stress. Here we report on osmo-induced proline accumulation in the high biomass-yielding strain SAG 211-11p of 
Chlorella vulgaris. Algal cultures were grown mixotrophically and subjected to osmotic stress by the addition to the culture 
medium of increasing concentrations of either salts or non-ionic, non-permeant osmolytes. The intracellular concentration of 
proline was then measured in cells grown under conditions under which the growth rate had been found steadily reduced. A 
remarkable tolerance toward molar concentrations of NaCl was found, which was accompanied by an up to 24-fold increase 
of proline over basal levels. Results suggest the possibility of using marine or partially desalinated water sources for the 
cultivation of this strain.
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Introduction

Eukaryotic microalgae, a diverse group of photosynthetic 
microorganisms, have been proposed as a source for 
renewable fuels, valuable bio-products and nutraceuticals 
(Borowitzka 1995, 2013; Saide et al. 2021; Dutta et al. 
2025). They possess the potential to address various global 
demands, particularly in the context of sustainable devel-
opment and environmental conservation (Brennan and 
Owende 2010; Mata et al. 2010). Despite their inherent 
adaptability to environmental conditions, the cultivation 
of microalgae in outdoor photo-bioreactors is limited to 
a few robust species (Muller-Feuga 2003). Most micro-
algal strains are indeed highly sensitive to environmental 
fluctuations, such as changes in solar radiation, tempera-
ture, osmolarity, and nutrient availability. These fluctua-
tions can significantly affect biomass yield (Beardall and 

Raven 2013). Moreover, in recent years climate change 
and human activities are leading to a global salinization of 
freshwater resources. This has prompted the search for hal-
otolerant microalgal strains, given the substantial freshwa-
ter demands of large-scale microalgal cultivation. Fresh-
water microalgal strains are particularly vulnerable to high 
salinity, which perturbs ionic homeostasis and induces the 
generation of reactive oxygen species (ROS) disrupting 
photosynthesis (Fal et al. 2022). To survive hyperosmotic 
stress microalgae employ various physiological, metabolic 
and molecular responses, including the accumulation of 
carbohydrates and lipids as storage molecules (Hage-
mann 2016; Wang et al. 2018; Anand et al. 2019). Some 
microalgae, like brown algae, utilize mannitol and sorbitol 
for osmotic acclimation (Wegmann 1986). Halotolerant 
microalgal species, such as Chlamydomonas spp., Scened-
esmus spp. and Chlorella spp., have been isolated that are 
capable of thriving in saline environments. In most cases, 
proline accumulation seems to play a crucial role in their 
response to excess salt, acting as a compatible osmolyte to 
recover positive cell turgor and potentially participating in 
ROS scavenging (da Silva et al. 2009; Mastrobuoni et al. 
2012; Singh et al. 2019). In desiccation-prone environ-
ments, microalgae like Pseudostichoccus and Deuteros-
ticoccus exhibit resilience, possibly due to a higher proline 
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content, suggesting a role for proline also in desiccation 
resistance (Van and Glaser 2022).

Accumulation of various compatible osmolytes and 
protectant molecules has been widely reported in Chlo-
rella spp. grown under salt stress (Wang et al. 2018), as 
well as the production of ROS-detoxifying enzymes such 
as superoxide dismutase, ascorbate peroxidase, catalase, 
glutathione reductase and peroxidase (Ismaiel et al. 2018). 
An increase in the intracellular level of free proline rep-
resents one of the earlier responses to a wide range of 
abiotic stressors in both algae (Krell et al. 2007; Barera 
and Forlani 2023) and higher plants (Trovato et al. 2019). 
Its possible roles in stress tolerance include stabilization 
of proteins and membranes, protection of cellular struc-
tures, ROS scavenging, and balancing of cellular redox 
status (Li et al. 2018; Forlani et al. 2019). Consistently, 
increased intracellular levels of proline have been reported 
in most studies in which Chlorella spp. have been grown 
under hyperosmotic stress. However, marked variability is 
evident in the scientific literature regarding the threshold 
over which proline accumulation takes place, as well as 
the intracellular concentration of the amino acid that is 
reached and maintained under a given condition. Chlorella 
vulgaris was reported to accumulate free proline under 
salinity stress up to 1.6-fold the basal level, whereas no 
changes were found in Chlorella salina (Farghl et  al. 
2015). Chlorella autotrophica accumulated proline in both 
nitrate- and ammonia-supplemented media, with 8- and 
10.5-fold increase over basal level, respectively (Ahmad 
and Hellebust 1988). Another study comparing C. vul-
garis and Chlorococcum humicola showed in the former 
a proline level that was proportional to the concentration 
of salt, peaking at 500 mM NaCl with a twofold increase 
over controls (Singh et al. 2018). When C. vulgaris was 
treated with NaCl for 30 days, an up to fivefold increase 
in proline content was found, with an adaptive response 
involving multiple solutes (Hiremath and Mathad 2010). 
Under excess NaCl (0–400 mM), C. vulgaris exhibited a 
decrease in growth, protein, chlorophyll, carbohydrate, and 
total organic carbon, whereas proline content increased up 
to 1.6-fold (Yadav et al. 2022). Under similar conditions 
(0–600 mM NaCl), C. vulgaris strain YH703 exhibited a 
5.5-fold increase in proline compared to untreated cells 
(Yun et al. 2019). The treatment of C. vulgaris CCAP 
211/11B with 150 and 300 mM NaCl did not have sig-
nificant effects on algal growth rate, while resulting in a 
slight (< twofold) increase of proline content (Pinto et al. 
2025). Chlorella spp. also exhibited a rapid increase in 
free proline when exposed to heavy metals. The strain 
2350 accumulated proline up to sixfold the basal level in 
the presence of excess Cu2+ (Wu et al. 1998). Further-
more, C. vulgaris exposed to UV-B light showed proline 

concentrations up to fourfold higher than untreated con-
trols (Singh et al. 2019).

To address these issues and obtain a more comprehensive 
picture of osmo-induced proline accumulation in C. vulgaris, 
we at first determined the effect of increasing concentrations 
of either ionic or non-ionic osmolytes on the growth of the 
C. vulgaris SAG 211-11p strain. Proline content was then 
measured in algal cultures at increasing time after the expo-
sure to hyperosmotic stress conditions causing progressive 
inhibition of cell growth.

Materials and methods

Strain and culture conditions

Chlorella vulgaris wild-type strain 211-11p was obtained 
from the SAG Culture Collection of Algae (Göttingen Uni-
versity, Germany). The strain was routinely maintained on 
TAP-agar plates (Kropat et al. 2011) and grown at 25 °C 
under a photoperiod of 16/8 h light/dark at 200 μmol pho-
tons m−2  s−1 PAR using warm-white fluorescent lamps. 
Growth in liquid TAP medium was performed under the 
same conditions in Erlenmeyer flasks of various volumes, 
maintaining a fixed ratio (1:4) between the volume of the 
medium and that of the flask, on a rotary shaker at 120 rpm, 
with illumination from the top.

Growth rate measurement

Cells in the late exponential phase of growth were used 
to inoculate 96-well plates (0.2 mL per well) to an initial 
density of approximately 2 × 106 cells mL−1. Osmotic or 
ionic stress conditions were imposed by supplementing 
TAP medium with increasing concentrations of either 
salts (NaCl, KCl, Na2SO4 or K2SO4), or non-permeant 
non-ionic osmolytes (mannitol, sorbitol or polyethylene 
glycol (PEG) 6000). Every treatment was performed in 
quadruplicate. Cell growth in each well was monitored 
over a week by daily absorbance measurements using a 
Ledetect 96 plate reader (Labexim, Austria) equipped with 
a LED plug-in at 750 nm (Griffiths et al. 2011). After 
logarithmic data transformation, growth constants were 
calculated and expressed as percentage of the mean value 
for untreated controls. The concentrations causing 25, 50 
and 75% inhibition (IC25, IC50, IC75) and their confidence 
intervals were computed by non-linear regression using 
Prism 6 for Windows, version 6.03 (GraphPad Software, 
USA). For PEG 6000, osmotic potentials were calculated 
according to Money (1989). To evaluate the effect of ami-
loride on the growth of control or salt-stressed cells, the 
medium was added with a proper dilution of a 100 mM 
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solution in DMSO. Controls received the same amount 
of the solvent.

Total free amino acids and proline measurement

Cells in the late exponential phase of growth (~ 1·108 cells 
mL−1) were pelleted by centrifugation 10 min at 3000 × g 
and resuspended in the same volume of TAP medium sup-
plemented or not with a given osmolyte concentration. 
At increasing time after the resuspension and up to 48 h, 
30-mL aliquots (corresponding to ~ 0.25 g FW) were har-
vested from each flask and used for amino acid extractions 
according to Laliberté and Hellebust (1989), with minor 
modifications. Cells were pelleted as above and extracted 
with 300 μL of methanol-chloroform-water (12:5:3, v/v) 
for 20 min. Following centrifugation, the supernatant was 
transferred into a clean Eppendorf tube, and the pellet was 
further extracted with 300 μL of methanol-chloroform-
water. The two supernatants were combined, added with 
150 μL of chloroform and 150 μL of water and carefully 
mixed by vortexing. After centrifugation for 5 min at 
12,000 × g, the chloroform bottom layer was discarded and 
the methanol in the top layer was evaporated under air flow 
until a residual volume of 250 μL was obtained. The result-
ing samples were analysed for proline and total amino acid 
content by the acid ninhydrin method as described (Forlani 
and Funck 2020). All treatments were carried out in tripli-
cation, and mean values ± SE were reported.

Cell viability test

Cell viability was determined by the Evans Blue method, 
with minor modifications. Cell culture aliquots corre-
sponding to 50 mg FW were harvested, centrifuged at 
3000 × g for 5 min, and washed twice with distilled water. 
Cells were then resuspended in 1 mL of 0.2 M K phos-
phate buffer, pH 6.5, and added with 20 μL of a 2.5% 
(w/v) aqueous solution of Evans Blue. After incubation for 
15 min at room temperature with occasional stirring, cells 
were washed for 4–5 times with distilled water to remove 
unbound dye. The cells were then resuspended in 1.2 mL 
of decolorizing solution (50% [v/v] methanol and 1% [w/v] 
sodium dodecyl sulphate) for 15 min at 50 °C to solubilize 
the bound dye. After centrifugation 3 min at 12,000 × g, 
the supernatant was diluted 1:5 with distilled water and 
read at 600 nm. Exponentially growing cells were used as 
negative controls (0% dead cells), while cultures treated 
for 8 min in a microwave oven at maximal power were 
used as positive controls (100% dead cells). Presented data 
are mean ± SE over three replicates.

Results

The mixotrophic growth of Chlorella vulgaris SAG 
211‑11p is progressively affected by the presence 
of either ionic or non‑ionic osmolytes in the medium 
at concentrations causing a Ψmedium decrease 
of 1 MPa or higher, yet a remarkable tolerance 
to NaCl is evident

To elucidate the effect of osmotic and ionic stress condi-
tions on the growth of C. vulgaris, an array of several 
permeant or not-permeant, ionic or non-ionic osmolytes 
at increasing concentrations was added to the culture 
medium and the resulting growth rates were measured 
and expressed as percent values of that for untreated con-
trols. The treatment with Na+ or K+ cations, added either 
as chlorides or sulphates, had differential effects (Fig. 1). 
Even if considering that the molality of KCl solutions is 
slightly higher than that of equimolar solutions of NaCl, 
K+ salts were significantly more inhibitory than the Na+ 
counterparts. In the case of KCl, cell viability was rap-
idly lost over a threshold concentration of about 200 mM, 
while for NaCl at least twofold higher levels were required 
to induce similar effects. The difference was even more 
evident for sulphates (Fig. 1A). The corresponding con-
centrations causing 25, 50 or 75% reduction of the growth 
rate are reported in Table 1. When data were plotted as 
a function of cation concentration, the effect of K+ salts 
was very similar, whereas those of Na+ salt were not only 
lower, but different from each other, chloride being more 
inhibitory than sulphate (Fig. 1B). Remarkably, C. vul-
garis cells retained a significant capability to grow in the 
presence of salt levels similar to those in seawater, with 
a growth rate of 43.5 ± 1.3% with respect to controls at a 
NaCl concentration of 0.625 M. If the osmotic component 
was considered and data expressed as a function of the 
resulting decrease of medium water potential (Ψmedium), 
once again the effect of K+ salts was significantly higher 
than that of Na+ salts (Fig. 1C). Because data were sug-
gestive of the ability of the algal strain to actively extrude 
Na+ ions, the effect of amiloride, a potent inhibitor of E. 
coli Na+/H+ antiporter NhaB (Pinner et al. 1995), was 
considered. The addition of micromolar concentrations 
of amiloride to the medium was found to steadily inhibit 
algal growth, which was suppressed at 0.7 mM. The effect 
was completely reverted when amiloride was added to the 
medium containing NaCl concentrations able to inhibit 
growth by about 10 or 50% (250 or 500 mM, respectively; 
Fig. 1D), suggesting the salt-induced expression of an ami-
loride insensitive antiporter.

To discriminate osmotic from ion toxicity, paral-
lel experiments were carried out using non-permeant 
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osmolytes, namely mannitol, sorbitol and polyethyl-
ene glycol (PEG). With the former, results were almost 
overlapping, the growth rate of C. vulgaris being pro-
gressively reduced at concentrations exceeding 0.4 M 
(Fig. 2). When data were plotted as a function of the cor-
responding decrease of Ψmedium (Fig. 2B), the two pat-
terns were similar to those obtained for K+ salts (Fig. 1C). 
Completely different results were obtained in the case of 

PEG. When increasing concentrations of PEG were added 
to the medium, 50%-inhibition of growth was found at 
17.3% (w/v) PEG 6000 (Table 1), corresponding to about 
29 mM. Because osmotic pressure of aqueous PEG solu-
tions does not increase linearly with the concentration, 
data were expressed as a function of the resulting decrease 
of Ψmedium using an empirical formula based on experi-
mental measurements (Money 1989). The resulting graph 
(Fig. 2B) showed that PEG causes 50%-inhibition of C. 
vulgaris growth rate at Ψ values at which sorbitol and 
mannitol are substantially ineffective. Furthermore, the 
slope of the function that interpolates the experimental 
data (Hill slope) was strikingly different (−2.083, −1.937 
and −0.6426 for mannitol, sorbitol and PEG 6000, respec-
tively). To verify whether such difference may be due to 
toxic effect(s) of PEG that are unrelated to the result-
ing osmotic imbalance, the viability of C. vulgaris cells 
treated with 20% (w/v) PEG6000 was measured by means 
of the Evans Blue test. Results (Supplementary Fig. S1) 
showed that, at least up to 48 h from the treatment, the 
resulting loss of cell viability was marginal.

Fig. 1   Effect of salt stress conditions upon the growth of Chlorella 
vulgaris SAG 211-11p. TAP medium was supplemented with increas-
ing concentrations of various salts, as indicated, and the result-
ing growth rate was calculated and expressed as percent of that in 
untreated controls. Data are means ± SE over at least three replicates. 
To compare the effects, data were plotted on the basis of either salt 
molarity (A), cation concentration (B) or the consequent decrease of 

water potential (δΨ; C). When micromolar concentrations of ami-
loride, a potent inhibitor of E. coli Na+/H+ antiporter NhaB, were 
added to the medium, growth was strongly reduced. The effect was 
completely reverted in the presence of inhibitory levels of NaCl, sug-
gesting salt stress-induced expression of an amiloride-resistant anti-
porter (D)

Table 1   Concentrations of ionic and non-ionic osmolytes able to 
inhibit by 25% (IC25), 50% (IC50) or 75% (IC75) the growth of Chlo-
rella vulgaris SAG 211-11p

Osmolyte IC25 IC50 IC75

NaCl 0.411 ± 0.016 M 0.572  ± 0.015 M 0.794 ± 0.031 M
KCl 0.231 ± 0.017 M 0.291  ± 0.016 M 0.368 ± 0.031 M
Na2SO4 0.360 ± 0.011 M 0.498  ± 0.010 M 0.689 ± 0.021 M
K2SO4 0.110 ± 0.003 M 0.125  ± 0.002 M 0.141 ± 0.004 M
mannitol 0.464 ± 0.026 M 0.785  ± 0.060 M 1.331 ± 0.193 M
sorbitol 0.494 ± 0.046 M 0.871  ± 0.061 M 1.535 ± 0.185 M
PEG 6000 8.2 ± 0.5% 17.3 ± 0.7% 37.9 ± 2.8%
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When exposed to decreased values of Ψmedium 
exceeding −0.5 MPa, Chlorella vulgaris SAG 
211‑11p accumulates free proline levels that are 
proportional to the stress, while the overall 
concentration of other free amino acids shows 
only minor changes

The occurrence of proline accumulation in osmotically 
stressed C. vulgaris cells was investigated by adding concen-
trations of either ionic or non-ionic osmolytes that had been 
previously found to slightly (10 to 20%), moderately (50%) 
or severely (80 to 90%) affect the growth rate to the culture 
medium. Under normo-osmotic conditions the intracellular 
content of free proline was found relatively stable, with lev-
els ranging from 0.25 to 0.40 µmol g−1 FW. Following salt 
treatments with either NaCl or KCl, a rapid increase was 
found that was proportional to the severity of the stress. Pro-
line levels reached maximal values about 8 h after the treat-
ment, and such levels remained relatively constant thereafter 
(Fig. 3A and C for NaCl and KCl, respectively). To rule 
out the possibility that such an increase might be at least in 
part due to cell dehydration, the overall levels of other free 
amino acids were also quantified in the same samples. Total 
free amino acid content (excluding proline) indeed showed 
a slight increase soon after the treatment, but the variations 
never exceeded 40% with respect to controls (Fig. 3B and 
D), and at least in the case of the most severe treatment 
(1 M NaCl) an opposite effect was evident. For proline, on 
the contrary, a consistent and striking increase was found in 
all cases, corresponding to 4 to 24-fold the control levels. 
As a consequence, the relative content of proline showed a 
marked increase, rising from 2–4% to almost 40% of total 
free amino acids.

Similar results were obtained when osmotic stress 
conditions were imposed by the addition of the non-
permeant, non-ionic osmolyte mannitol (Fig. 4A and B). 

In this case also, other free amino acid content showed 
only a moderate increase over control levels (up to 30%), 
and without a clear relationship with the severity of the 
stress (Fig.  4B), whereas free proline increased sev-
eral fold and proportionally to the treatment intensity 
(Fig. 4A). From a quantitative point of view, the resulting 
proline levels were lower than those obtained with salt 
treatments. However, this was simply a consequence of 
milder treatments, since the concentration of mannitol 
theoretically causing 75% of growth inhibition (~1.3 M; 
Table 1) could not be obtained due to its limited solubil-
ity in water. Apparently inconsistent patterns were found 
when osmotic stress was alternatively induced with PEG 
6000, added to final concentrations of 10%, 15% or 20% 
(w/v), which had previously found to cause about 33%, 
45% and 51% inhibition of cell growth, respectively. The 
effect of higher doses could not be investigated because 
the resulting high viscosity of the medium hampered uni-
form cell resuspension and culture shaking. Under these 
conditions, a general slight decrease of free amino acid 
content was found early after the treatment, while there-
after the trend was inverted, resulting into a moderate 
increase 48 h after PEG addition (Fig. 4D). Concern-
ing proline, the treatment did not cause its accumulation 
but, on the contrary, resulted in a marked decrease of its 
intracellular content (Fig. 4C).

To shed light on the overall relationship between the 
severity of the stress and the amount of stress-induced 
proline accumulation, the increase of its intracellular 
content, measured 48 h after the treatment, was plotted 
against the resulting lowering in the Ψmedium indepen-
dently of the osmolyte that had been used. The results, 
depicted in Fig. 5, showed a highly significant (P < 0.001) 
correlation. Free proline level started to raise at about 
0.5 MPa δΨ, and increased linearly with the extent of the 
osmotic imbalance at least up to 3 MPa δΨ.

Fig. 2   Effect of osmotic stress conditions upon the growth of Chlo-
rella vulgaris SAG 211-11p. TAP medium was supplemented with 
increasing concentrations of various non-ionic, non-permeant 
osmolytes, as indicated, and the resulting growth rate was calcu-

lated and expressed as percent of that in untreated controls. Data are 
means ± SE over at least three replicates. To compare the effects, data 
were plotted on the basis of either osmolyte concentration (A), or the 
consequent decrease of water potential (δΨ; B)
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Discussion

The addition of increasing concentrations of non-permeant 
osmolytes causes a decrease of the medium water potential. 
In the absence of mechanisms for osmotic adjustment, when 
the Ψmedium lowers below that inside the cell, water is with-
drawn from the cell, resulting in growth inhibition. If salts 
are used instead, ionic toxicity is also exerted, because ion 
homeostasis between cell and the environment is altered. As 
a consequence, at the same δΨ value the inhibitory effect 
of salts is usually higher than that of non-ionic osmolytes, 
mainly in the case of Na+ salts. The results obtained in this 
study seem therefore inconsistent, since in no case the effects 
of salts were higher than those of mannitol or sorbitol, which 
have been found unable to permeate the plasma membrane 
of C. vulgaris (Colman et al. 1986). In the case of K+ salts, 
results were very similar to those obtained with mannitol or 
sorbitol (Fig. 1C and 2B). This implies that the inhibition 
brought about by K+ salts depends almost exclusively on 
their osmotic effect. This is not unexpected, since K+ ions 
are usually taken up or secreted by the cell according to the 
transmembrane electrochemical potential (Tromballa 1978), 
and do not exert toxic effects on cell structures or functions, 
being used for turgor provision and water homeostasis 

(Maathuis 2009). On the contrary, high intracellular Na+ 
concentrations usually exert negative effects, by disrupting 
macromolecule native conformation and interfering with 
several enzymatic activities (Kronzucker et al. 2013). This 
notwithstanding, Na+ salts were found significantly less 
inhibitory than K+ salts or non-ionic osmolytes (Fig. 1C 
and 2B). Such results strongly suggest the occurrence of 
efficient mechanism(s) for Na+ extrusion. C. vulgaris has 
been reported to quickly take up external Na+ ions (Barahoei 
et al. 2021). The initial osmotic imbalance leads to water 
loss and plasmolysis, providing the algal cell with sufficient 
time to osmoacclimate through efflux of excess Na+ (Moun-
tourakis et al. 2023). Being extrusion concomitant with a 
slight alkalinisation of the medium, the involvement of Na+/
H+ antiporters has been hypothesized (Mountourakis et al. 
2023), as in plants (Bhatt et al. 2020) and in some halotol-
erant algal species (Katz et al. 1992; Phipps et al. 2021). 
To verify such possibility, the effect of amiloride, a potent 
inhibitor of E. coli (Pinner et al. 1995) and Dunaliella salina 
(Katz et al. 1994) Na+/H+ antiporters was investigated. Ami-
loride was found to strongly inhibit growth when added to 
C. vulgaris cultures in TAP medium (Fig. 1D), but the effect 
was completely reverted if mildly inhibitory concentrations 
of NaCl were added at the same time. A similar result had 

Fig. 3   Effect of salt stress 
conditions upon free amino acid 
content of Chlorella vulgaris 
SAG 211-11p. Cells in the late 
exponential phase of growth 
were pelleted and resuspended 
in the same volume of TAP 
medium supplemented or not 
with sublethal concentrations of 
either NaCl or KCl. At increas-
ing time after the addition, cells 
were extracted and free proline 
levels were quantified by the 
acid ninhydrin method (A and C 
for NaCl and KCl, respectively). 
To rule out the possibility that 
variations may be –at least in 
part– due to cell dehydration, 
total free amino acid concentra-
tion was also measured (B and 
D). Data are means ± SE over 
three replicates
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been previously described for a psychrophilic strain of Xan-
thonema sp. (Tartari and Forlani 2008). Although further 
experimental evidence is required to draw a conclusion, 
data suggest that an amiloride-sensitive Na+/H+ antiporter 
is expressed in C. vulgaris under normo-osmotic conditions, 
whereas the exposure to salt stress induces the production 
of an amiloride-resistant Na+/H+ antiporter able to extrude 
excess Na+. Whatever the mechanism, C. vulgaris SAG 211-
11p retained a growth rate of more than 40% of the value 
for untreated controls at NaCl concentrations near to those 
in seawater, suggesting the possibility of using marine or 
partially desalinated water sources for its cultivation.

An unexpected result was obtained when osmotic stress 
conditions were imposed by the addition of increasing levels 
of PEG 6000 to the growth medium. In this case growth 
inhibition was evident at concentrations corresponding to 
a much lower decrease of Ψmedium. Moreover, the effect 
showed a different pattern, with the inhibition curve span-
ning over four orders of magnitude to achieve complete 
growth suppression (Fig. 2B). Various and somehow incon-
sistent results have been described concerning the effect of 
PEG on microalgal cells. At concentrations below 5% (w/v), 
PEG was found to stimulate growth and lipid accumula-
tion in some halotolerant microalgal species (Lee and Yeh 

2014). If added at higher concentrations, PEG was shown 
to inhibit gas exchange in the culture medium, thereby lim-
iting Chlorella growth (Greenway et al. 1968). Our results 
seem consistent with the last finding. PEG did not compro-
mise cell viability, since treated cells showed only a slight 
increase in Blue Evans binding (Supplementary Fig. S1), but 
mechanism(s) other than osmotic imbalance seem to affect 
Chlorella growth. Based on the reported limiting effect on 
gas diffusion, an inhibition of the respiratory chain and/or 
a stimulation of the photorespiratory rate could take place. 
In any case, data herein reported strongly suggest that PEG 
may be not suitable for osmotic studies, and that other non-
permeant osmolytes should be preferred.

Among the mechanisms evolved for cell osmoacclima-
tion, proline accumulation plays a main role and is widely 
distributed among plants and microorganisms (Forlani 
et al. 2019; Barera and Forlani 2023). In C. vulgaris, gly-
cine betaine was also found to be accumulated under salt 
stress conditions, showing that acclimation can involve 
other compatible solutes. However, glycine betaine content 
increased only up to 0.3 M NaCl external concentration, a 
threshold over which the role of proline became predominant 
(Hiremath and Mathad 2010). When proline content was 
determined in C. vulgaris SAG 211-11p cells at increasing 

Fig. 4   Effect of osmotic stress 
conditions upon free amino acid 
content of Chlorella vulgaris 
SAG 211-11p. Cells in the late 
exponential phase of growth 
were pelleted and resuspended 
in the same volume of TAP 
medium supplemented or not 
with sublethal concentrations of 
either mannitol or PEG 6000. 
At increasing time after the 
addition, cells were extracted, 
and free proline levels were 
quantified by the acid ninhydrin 
method (A and C for mannitol 
and PEG 6000, respectively). 
To rule out the possibility that 
variations may be –at least in 
part– due to cell dehydration, 
total free amino acid concentra-
tion was also measured (B and 
D). Data are means ± SE over 
three replicates
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time after the exposure to osmotic stress, a rapid increase 
was found over basal rates, and a different homeostatic level 
was reached 6–8 h after the addition of salts to the medium 
(Fig. 3AC). When the stress was imposed by using the non-
ionic osmolyte mannitol, the attainment of the new steady 
state level required more time, about 24–48 h. Such a dif-
ference might be due to the occurrence in salt-stressed cells 
of secondary toxic effects caused by the consequent ROS 
formation (Sharma et al. 2012; Yun et al. 2019). The ben-
eficial effect of proline under stress has been hypothesized 
to depend also on its ability to scavenge some ROS species 
(Forlani et al. 2019). Therefore, a quicker synthesis of this 
amino acid may be functional to cope with ionic more than 
with osmotic stress conditions. A mild increase of proline 
content in osmotically stressed cells may simply depend 
upon their shrinkage due to water loss in the presence of low 
Ψmedium values. This seems not to be the case for Chlorella. 
The homeostatic levels that were reached are remarkably 
high, up to 24-fold the basal concentration (Fig. 3AC, 4A). 
Moreover, when the content of all the other free amino acids 
was also quantified, results pointed out only minor variations 
(Fig. 3BD, 4B). A slight increase was in fact found soon 
after the exposure to stress, but such increase never exceeded 
40%, and was partially reverted thereafter. Data thus confirm 
a specific role for proline synthesis and accumulation within 
the C. vulgaris defence system against hyperosmotic stress.

Interestingly, the intracellular concentrations of free proline 
that were attained in stressed cells resulted strictly proportional 
to the severity of the stress. When the new proline homeostatic 
levels were plotted as a function of the lowering of the Ψmedium, 
a highly significant correlation was evident (Fig. 5). The equa-
tion of the interpolating straight line allowed us to calculate the 
lowest stress conditions at which proline accumulation seems 
induced, which is equivalent to about 0.5 MPa δΨ. This also 
explains why in PEG-stressed cells proline content was found 
unaffected. Despite causing 51% inhibition of cell growth, the 
highest concentration used (20% PEG [w/v]) corresponds to 
a δΨ of about 0.546 MPa, a value not high enough to produce 
a significant effect on proline steady state level. On this basis, 
the use of PEG as the osmotic stressor seems unsuitable also 
for studies on stress-induced proline accumulation.

In summary, this study presents the results of a systematic 
analysis of the effects of hyperosmotic stress conditions on 
growth rate and proline accumulation in a high biomass-yield-
ing strain of C. vulgaris. Such information could represent 
a useful basis for further studies aiming at the optimization 
of growth conditions for large-scale sustainable production 
of biomass for various industrial processes, and potential 
applications in biofuel production and wastewater treatment. 
Moreover, to the best of our knowledge this is the first study to 
investigate the quantitative response of proline accumulation 
as a function of the severity of the osmotic stress in Chlorella 
spp. The achieved identification of the threshold condition over 
which proline synthesis is activated may help planning future 
research on this topic.
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