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Abstract
Salinity (NaCl) stress treatment is a strategy to induce lipid accumulation in microalgae. This study aimed to investigate the 
effect of a combination of two salts (NaCl/CaCl2) on lipid productivity of Chlamydomonas reinhardtii. C. reinhardtii was 
cultured in a two-stage culture comprising 9-day active growth in C medium followed by 3-day salt stress in C medium with 
various concentrations of NaCl (50‒200 mM)/CaCl2 (100 mM). In salt stress stage, NaCl (200 mM), CaCl2 (100 mM), and 
the NaCl/CaCl2 mixture inhibited growth but increased the lipid content in C. reinhardtii in comparison with NaCl (0, 50, 
and 100 mM) conditions. Combinatorial treatment with 100 mM NaCl/100 mM CaCl2 resulted in the highest lipid con-
tent (73.4%) and lipid productivity (10.9 mg/L/days), being 3.5- and 2.1-fold, respectively, in salt-free control conditions, 
and 1.8- and 1.5-folds, respectively, with 200 mM NaCl. Furthermore, 100 mM NaCl/100 mM CaCl2 treatment markedly 
upregulated glycerol-3-phosphate dehydrogenase (GPDH), lysophosphatidic acid acyltransferase (LPAAT​), and diacylglyc-
erol acyltransferase (DAGAT​), which are involved in lipid accumulation in C. reinhardtii. The upregulation of these genes 
with 100 mM NaCl/100 mM CaCl2 resulted in the highest lipid content in C. reinhardtii. Therefore, stress treatment using 
two salts, 100 mM NaCl/100 mM CaCl2, is a potentially promising strategy to enhance lipid productivity in microalgae.
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Introduction

Microalgae are recognized as promising and sustainable 
feedstocks for biofuel production because of their high 
photosynthesis efficiency, high growth rate, short harvest-
ing cycle, and high lipid synthesis/accumulation potential. 
The accumulated lipids in microalgal cells are highly valued 

as biofuel precursors, especially biodiesel [1–6]. However, 
microalgal biodiesel production is still in its infancy with 
respect to its commercialization.

Enhancement of lipid productivity is critical for gener-
ating a highly efficient biodiesel production system based 
on microalgae and for reducing the production cost of 
microalgal biodiesel. Production of microalgal biodiesel 
primarily depends on the cellular lipid content and biomass 
productivity of microalgae. Inducing high lipid accumula-
tion in microalgal cells is, therefore, considered a promis-
ing strategy to enhance lipid productivity. Stress conditions 
such as nitrogen starvation [7–9], iron starvation [10], cop-
per stress [11], temperature [12], pH [13, 14], high-light 
intensity [15], and salts [7, 15–18] effectively induce high 
lipid accumulation in microalgae. Among these, salt stress 
is an easy and low-cost strategy to achieve mass microal-
gal cultivation [15]. A two-stage microalgal culture system, 
comprising (i) an efficient growth stage in culture medium 
or wastewater effluent medium, and (ii) a subsequent high 
lipid accumulation-inducing stage owing to salt stress (salt 
stress stage), has been proposed for enhancing microalgal 
lipid productivity [19].

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0044​9-020-02293​-w) contains 
supplementary material, which is available to authorized users.

 *	 Tadashi Toyama 
	 ttohyama@yamanashi.ac.jp

1	 Integrated Graduate School of Medicine, Engineering, 
and Agricultural Sciences, University of Yamanashi, 4‑3‑11 
Takeda, Kofu, Yamanashi 400‑8511, Japan

2	 Graduate Faculty of Interdisciplinary Research, University 
of Yamanashi, 4‑3‑11 Takeda, Kofu, Yamanashi 400‑8511, 
Japan

3	 Division of Biosphere Science, Graduate School 
of Environmental Science, Hokkaido University, Kita‑10 
Nishi‑5, Kita‑ku, Sapporo 060‑0810, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-020-02293-w&domain=pdf
https://doi.org/10.1007/s00449-020-02293-w


	 Bioprocess and Biosystems Engineering

1 3

Several studies have reported an enhancement in lipid 
accumulation in various microalgal species such as Scened-
esmus spp., Chlorella spp., and Chlamydomonas spp. in 
the presence of high NaCl concentrations. Scenedesmus sp. 
CCNM 1077 displayed lipid enhancement of up to 33.1% 
in medium containing 400 mM NaCl [20]. Scenedesmus 
obliquus XJ002 displayed a high lipid content of 32.3% 
in the presence of 200 mM NaCl [21]. Chlorella soro-
kiniana SDEC-18 displayed high lipid accumulation up to 
54.6% in medium containing 30 g/L NaCl [22]. Chlorella 
sorokiniana HS1 displayed a high lipid content of 44% in 
medium containing 60 g/L NaCl [19]. Marine microalga, 
Chlamydomonas sp. JSC4, displayed a high lipid content 
of 59.4% in 7% sea salt [7]. Chlamydomonas mexicana dis-
played a high lipid content of 37% in medium containing 
25 mM NaCl [23]. Chlamydomonas reinhardtii displayed a 
high lipid content of 35.8% in medium containing 50 mM 
NaCl and under light stress conditions [15]. Previous studies 
have evaluated optimum salt stress conditions for enhancing 
lipid accumulation, using only NaCl.

On the other hand, other salts/ions such as magnesium 
(Mg2+) and calcium (Ca2+) reportedly influence microalgal 
lipid accumulation [10, 24–26]. In particular, 25 mM CaCl2 
reportedly increased the lipid content up to 40% in Chlorella 
sorokiniana CG12 [26]. Therefore, we hypothesized that a 
combination of two or more salts, e.g., NaCl and CaCl2, 
exerts a synergistic effect in inducing lipid accumulation 
in microalgal cells. If this hypothesis is verified, the com-
bination of salts stresses would potentially provide a valid 
method to further increase the lipid productivity of microal-
gae. To our knowledge, no studies have clearly reported the 

potential of a combination of salt stresses to induce micro-
algal lipid accumulation.

A freshwater microalga C. reinhardtii was used herein 
because it is a widely studied model system in cellular and 
molecular analyses and it has been used for biofuel produc-
tion [27]. Furthermore, major salts, NaCl and CaCl2, were 
used herein as prototypes. Therefore, the primary objectives 
of this study were (i) to understand the effects of combina-
tion of two different salt stresses, NaCl and CaCl2, on the 
induction of lipid accumulation in C. reinhardtii and (ii) to 
determine the optimal NaCl/CaCl2 stress conditions for lipid 
production by C. reinhardtii. C. reinhardtii was cultured in 
a two-stage culture system, comprising a growth stage and 
a subsequent salt stress stage with various NaCl/CaCl2 con-
centrations. Biomass production, lipid content, and starch 
content were monitored during the two-stage cultures. For 
better understanding of lipid productivity of C. reinhardtii 
under salt stress, expression levels of target genes involved in 
lipid metabolism, principally triacylglycerol (TAG) metab-
olism (Fig. 1), were examined via reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analy-
sis. The expression of glycerol-3-phosphate dehydrogenase 
(GPDH), lysophosphatidic acid acyltransferase (LPAAT​),  
and diacylglycerol acyltransferase (DAGAT​), which are 
involved in TAG metabolism, was assessed herein (Fig. 1) 
[28, 29]. Furthermore, genes coding photosystem proteins, 
psbA for photosystem II (PSII) D1 and psaA for photosystem 
I (PSI) A1 [30], were selected to understand the inhibitory 
effects of salt stress on C. reinhardtii growth. Finally, the 
most effective NaCl/CaCl2 combination for enhancing high 
lipid productivity of C. reinhardtii was determined.

Fig. 1   Simplified pathway of lipid metabolism and key metabolic 
genes involved in lipid accumulation in Chlamydomonas reinhardtii. 
Key metabolites are indicated in black: Acyl-CoA acyl-coenzyme 
A, Acyl-ACP acyl-acyl carrier protein, DAG diacylglycerol, DHAP 
dihydroxyacetone phosphate, G3P glycerol-3-phosphate, GL galacto-
glycerolipids, Gly3P glyceraldehyde-3-phosphate, Lyso-PA lysophos-
phatidic acid, Lyso-PL lysophospholipids, PA phosphatidic acid, PE 
phosphatidylethanolamine, PG phosphatidylglycerol, PI phosphati-

dylinositol, PL phospholipids, TAG​ triacylglycerol. Key metabolic 
genes are indicated in red or blue in italics: DAGAT​ DAG acyltrans-
ferase, GK glycerol kinase, GPAT G3P acyltransferase, GPDH G3P 
dehydrogenase, GPP G3P phosphatase, LPAAT​ lyso-PA acyltrans-
ferase, PAP PA phosphatase, PDAT phospholipid:DAG acyltrans-
ferase. Three metabolic genes indicated in red, DAGAT​, GPDH, and 
LPAAT​, were used for gene expression analysis herein
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Materials and methods

Chlamydomonas reinhardtii and its axenic culture

Axenic C. reinhardtii (NIES-2235) was obtained 
from the Microbial Culture Collection, National Insti-
tute for Environmental Studies, Tsukuba, Japan, 
and cultured in C medium containing the following: 
150 mg/L Ca(NO3)2·4H2O, 100 mg/L KNO3, 50 mg/L 
β-Na2glycerophosphate·5H2O, 40 mg/L MgSO4·7H2O, 
500 mg/L Tris(hydroxymethyl)aminomethane, 0.1 μg/L 
vitamin B12, 0.1  μg/L biotin, 10  μg/L thiamine HCl, 
3 mL/L PIV metals (1000 mg/L Na2EDTA·H2O, 196 mg/L 
FeCl3·6H2O, 36 mg/L MnCl2·4H2O, 10.4 mg/L ZnCl2, 
4 mg/L CoCl2·6H2O, 2.5 mg/L Na2MoO4·H2O), pH 7.5. 
The axenic C. reinhardtii culture was incubated in a flask 
containing C medium in a growth chamber at 28 ± 1 °C 
with fluorescent lamps at a photosynthetic photon flux 
density of 80 μmol/m2s and a 16:8-h light–dark cycle for 
1 week. Every week thereafter, cells were sub-cultured 
via routine transfer into fresh C medium. For subsequent 
experiments, C. reinhardtii was harvested through centrif-
ugation (6000×g, room temperature, 5 min), washed with 
sterile C medium, and resuspended in sterile C medium. 
The C. reinhardtii cell suspension was used as the inocu-
lum for subsequent experiments.

Enhanced lipid production of C. reinhardtii 
with a combination of salts stresses: two‑stage 
culture system consisting of growth and salt stress 
stages

The potential for enhanced lipid production of C. rein-
hardtii with a combination of salt stresses was evaluated 
using a two-stage culture system comprising growth and 
salt stress stages. The growth stage was a culture of C. 
reinhardtii in C medium without any salt stress to produce 
a large biomass of C. reinhardtii. The C. reinhardtii cells 
produced in the growth stage were used for the salt stress 
stage, wherein two salts, NaCl and CaCl2, were added to 
C medium at various concentrations to induce lipid accu-
mulation in C. reinhardtii.

The growth stage was carried out as follows. C. rein-
hardtii cells (50 mL) were inoculated into 500 mL of C 
medium in a 1000-mL flask at 0.017-times the initial cell 
density and incubated in the growth chamber for 9 days. 
The growth stage C. reinhardtii cultures (550 mL) was 
carried out in 24 replicates. After 9 days of culturing, all 
flasks were used for the salt stress stage.

In the salt stress stage, eight different NaCl + CaCl2 
doses (non-salt control, 50 mM NaCl, 100 mM NaCl, 

200 mM NaCl, 100 mM CaCl2, 50 mM NaCl + 100 mM 
CaCl2, 100  mM NaCl + 100  mM CaCl2, 200  mM 
NaCl + 100 mM CaCl2, Table S1) were separately added 
into three flasks (n = 3) to cultures obtained from the 
growth stage. All flasks were incubated in the growth 
chamber for 3 days.

During the growth stage, cell growth, chlorophyll a + b, 
and the dry cell weight of C. reinhardtii were monitored 
daily in three selected flasks (n = 3). In the salt stress stage, 
cell growth, chlorophyll a + b, the dry cell weight, starch 
content, and total lipid content were monitored daily in all 
three flasks (n = 3) for all eight salt doses.

Analyses of chlorophyll, dry biomass, and lipids in C. 
reinhardtii

Chlorophyll concentrations were measured spectrophotomet-
rically after extraction in 100% methanol for 30 min [31]. 
The absorbance of the extract was measured at 665 nm (A665) 
and 650 nm (A650) with a spectrophotometer (UVmini-1240). 
The total chlorophyll (chlorophyll a + chlorophyll b: Chl 
a + b) concentration (μg/mL) was calculated as follows:

The dry weight of C. reinhardtii was measured as follows. 
The C. reinhardtii culture flask was agitated well to homog-
enize cultures. Fifty-milliliter cultures were harvested from 
each flask into a centrifuge tube, and the cells were then 
harvested via centrifugation (6000×g, 5 min, and room tem-
perature). The cell pellet was harvested and dried at 70 °C 
for 1 day, the dry cell weight was weighed, and the dry cell 
weight (mg/L) was determined.

These dried cells were lyophilized using a BioMasher 
(Takara Bio, Kusatsu, Shiga, Japan) and used for starch and 
lipid quantification. The starch content of C. reinhardtii cells 
was determined using a total starch assay kit (Megazyme Inter-
national, Wicklow, Ireland) in accordance with the manufac-
turer’s instructions. The lipid content of C. reinhardtii cells 
was quantified in terms of the percentage of the dry biomass 
accounted for by lipids. n-Hexane/isopropanol is an extraction 
solvent with a relatively higher lipid yield from microalgal 
cells and low toxicity [32]. Based on our previous method, 
lipids were extracted from C. reinhardtii cells, using n-hexane/
isopropanol as follows. The C. reinhardtii powder (20 mg) was 
re-crushed with 1 mL of n-hexane in a BioMasher. The C. 
reinhardtii sample was transferred into a 50-mL glass tube, 
and 9 mL of n-hexane and 6 mL of isopropanol were added to 
the tube. The tube was agitated at 225 rpm for 24 h. Thereafter, 
33 mL of distilled water was added to the tube. The tube was 
agitated for 1 min and then centrifuged (10,000×g, 5 min). The 
n-hexane layer containing the lipids was harvested on a pre-
weighed aluminum tray, dried at room temperature overnight, 

(1)
Chl a + b (�g/mL) =

(

4 × A665

)

+
(

25.5 × A650

)

.
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and then dried at 90 °C for 3 h. The harvested lipids were then 
weighed. Finally, the lipid content (%) was determined from 
the dry weight of cells.

In this study, biomass productivity (g/L/days) and lipid pro-
ductivity (g/L/days) throughout the two-stage culture period 
(12 days), including the growth (9 days) and stress (3 days) 
stages, were calculated as follows:

RNA extraction and gene expression analysis 
via RT‑qPCR

Chlamydomonas reinhardtii cells of salt-free control, 100 mM 
NaCl, 100 mM CaCl2, or 100 mM NaCl + 100 mM CaCl2 
treatments after 1 and 3 days of salt stress were used for gene 
expression analysis (n = 3 for each salt stress condition). C. 
reinhardtii cells were harvested via centrifugation (6000×g, 
5 min, 4 °C) from each flask and sampling day and immedi-
ately frozen in liquid nitrogen and stored at – 80 °C. Total RNA 
was extracted from each C. reinhardtii frozen sample using 
NucleoSpin RNA Plant (Takara Bio). Thereafter, cDNA was 
synthesized from 1 μg of total RNA using Prime Script 1st 
strand cDNA Synthesis Kit (Takara Bio) in accordance with 
the manufacturer’s instructions.

Upon gene expression analysis, five target genes were used, 
and 18S rRNA gene was used as a reference gene (Table S2). 
q-PCR was performed using TB Green Premix Ex Taq II 
(Takara Bio) in a Thermal Cycler Dice Real-Time System II 
(TaKaRa Bio). Each qPCR assay was conducted in a 25 μL 
reaction mixture including 12.5 μL TB Green Premix Ex Taq 
II, 0.5 μM of each forward and reverse primers (Table S2), 
2 μL template cDNA, and 9.5 μL deionized H2O. The reaction 
conditions were as follows: initial denaturation by pre-heating 
at 95 °C for 30 s, 40 cycles of 98 °C for 5 s, annealing at the 
specified temperatures (which varied with primer, Table S2) 
for 50 s, and an extension at 72 °C for 1 min. Quantification 
was based on the cycle threshold (Ct) value. Relative gene 
expression levels of C. reinhardtii under stress conditions for 
salt-free control conditions was determined on the basis of the 
2–ΔΔCt method [33] as follows:

(2)Biomass productivity (g/L/days) =
[

final biomass (g/L) − initial biomass (g/L)
]

∕12 (days),

(3)Lipid productivity (g/L/days) =
[

final biomass (g/L) × final lipid content (%) − initial biomass (g/L)

× initial lipid content (%)
]

∕12 (days).

(4)
ΔCtcontrol test = Cttarget gene−control test − Ctreference gene−control test,

(5)
ΔCtsalt stress test = Cttarget gene−salt stress test − Ctreference gene−salt stress test,

(6)ΔΔCt = ΔCtsalt stress test − ΔCtcontrol test,

Statistical analysis

Each value represents the results of three samples (n = 3 
replicates) per experiment. All results are expressed as 

mean ± SD values. Statistical significance (p < 0.05) was 
analyzed using the paired samples t test, with SPSS Statis-
tics v. 22.0 (IBM, Armonk, NY, USA).

Results and discussion

Salt (NaCl) stress treatment in microalgal cultures has been 
recognized as a useful strategy to enhance lipid productivity 
[15–23]. Herein, we investigated whether a combination of 
two salts (e.g., NaCl and CaCl2) has a synergistic effect to 
further enhance microalgal lipid accumulation. We cultured 
C. reinhardtii in a two-stage culture system consisting of 
9-day growth stage and a 3-day salt stress stage to enhance 
lipid productivity, and confirmed the effect of a combination 
of salt stresses on lipid productivity.

Growth of C. reinhardtii in C medium without salt 
stress (growth stage)

Initially, C. reinhardtii was cultured in C medium without 
salt stress for 9 days. During this 9-day growth stage, C. 
reinhardtii grew well; chlorophyll a + b concentration and 
dry cell weight of C. reinhardtii increased from 0.48 to 
142 μg/mL and 8 to 207 mg/L, respectively (Figs. 2 and 3). 
C. reinhardtii growth approached a near-stationary phase 
but was not saturated at the end of this 9-day growth stage.

Growth of C. reinhardtii in the salt stress stage

After the growth stage, C. reinhardtii was cultured in C 
medium containing various NaCl and CaCl2 mixtures for 
the salt stress stage. In the control C medium without salt 
stress, chlorophyll a + b concentration and dry cell concen-
tration of C. reinhardtii further increased (Figs. 2 and 3). 
For the C. reinhardtii in C medium with 50 mM NaCl or 
100 mM NaCl condition, chlorophyll a + b concentration 
and biomass concentration of C. reinhardtii also tended 
to increase (Figs. 2 and 3). Freshwater microalgae can be 

(7)Relative gene expression (fold change) = 2−ΔΔCt.
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adapted to moderate salinities (e.g., 18 ppt) [34]; further-
more, low NaCl levels (e.g., 25 mM) can facilitate the 
growth of freshwater microalgae Chlamydomonas mexi-
cana and Scenedesmus obliquus [23]. Herein, the growth 
of C. reinhardtii in medium containing 50 mM or 100 mM 

NaCl was not inhibited in comparison with the control 
group (Figs. 2 and 3).

However, under salt stress conditions of 200 mM NaCl 
or 0‒200 mM NaCl + 100 mM CaCl2, chlorophyll a + b 
concentration and dry cell concentration of C. reinhardtii 
markedly decreased (Figs. 2 and 3). Chlorophyll a + b and 
biomass concentration in 200 mM NaCl or 0‒200 mM 
NaCl + 100  mM CaCl2 conditions were significantly 
(p < 0.05) lower than those of the control after 3-day salt 
stress (Table 1).

Lipid accumulation and starch content in the salt 
stress stage

Changes in lipid content (%) in C. reinhardtii in the 3-day 
salt stress stage are shown in Fig. 4a. In control and 50 mM 
NaCl conditions, the lipid content in C. reinhardtii slightly 
increased from 13.2 to 19.2% or 13.2% to 15.0%, respec-
tively, during the 3-day salt stress stage. High salinity (high 
levels of NaCl), inhibited microalgal growth and induced 
the three major stresses: osmotic stress, ion (salt) stress, 
and oxidative stress [17]. Oxidative stress was accompa-
nied by an increase in microalgal lipid accumulation [35]. 
In this study, 100 mM NaCl, 200 mM NaCl, and 0‒200 mM 
NaCl + 100 mM CaCl2 treatments inhibited the growth and 
significantly increased the lipid content of C. reinhardtii 
in comparison with the control group (Figs. 2, 3, 4a, and 
Table 1). Microalgal lipid content upon culturing in medium 
containing 100 mM NaCl (27.2% lipid content at 3 day), 
200 mM NaCl (41.1%), and 0‒200 mM NaCl + 100 mM 
CaCl2 (36.6–73.4%) after 3-day salt stress was significantly 
(p < 0.05) higher than that of the control group (Table 1).

NaCl stress is a well-recognized abiotic stress inducing 
lipid accumulation in various microalgae. Along with NaCl 
stress treatment, 100 mM CaCl2 was effective in inducing 
lipid accumulation in C. reinhardtii. The lipid content was 
significantly (p < 0.05) higher (36.6%) in C. reinhardtii upon 
culturing in medium containing 100 mM CaCl2 than in salt-
free medium. Ca2+ contributes to various signaling pathways 
and influences various metabolic pathways in microalgae 
[24]. These functions of Ca2+ seem to enhance lipid synthe-
sis in microalgal cells [26]. Furthermore, the present results 
show lipid accumulation in C. reinhardtii upon the introduc-
tion of a 100 mM CaCl2 stress.

On comparing the results of 100 mM NaCl + 100 mM 
NaCl (i.e., 200  mM NaCl) with those of 100  mM 
NaCl + 100 mM CaCl2, lipid accumulation of C. rein-
hardtii under the 100 mM NaCl + 100 mM CaCl2 dose 
was significantly (p < 0.05) higher (Fig. 4a and Table 1). 
Lipid content (73.4%) of C. reinhardtii under 100 mM 
NaCl + 100 mM CaCl2 was 1.8-fold that of cells cultured 
with 200 mM NaCl (41.1%). These results clearly indi-
cate the synergistic effect of a combination of salts, NaCl 

Fig. 2   Changes in chlorophyll a + b (μg/mL) of Chlamydomonas 
reinhardtii cultures in growth and stress stages. Values are mean ± SD

Fig. 3   Changes in dry cell concentration (mg/L) of Chlamydomonas 
reinhardtii cultures in growth and stress stages. Values are mean ± SD
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and CaCl2, on lipid accumulation in C. reinhardtii. In 
experiments using a combination of salts dose conditions, 
lipid content in C. reinhardtii increased with an increase 
in NaCl concentrations (from 0 to 100 mM) in combina-
tion with 100 mM CaCl2. However, lipid content in C. 
reinhardtii upon culturing with 200 mM NaCl + 100 mM 
CaCl2 was significantly (p < 0.05) lower than with 100 mM 
NaCl + 100 mM CaCl2 (Fig. 4a and Table 1), probably 
owing to higher stress damage.

In all experiments herein, 100 mM NaCl + 100 mM CaCl2 
stress treatment led to the highest lipid accumulation in C. 
reinhardtii; the lipid content in C. reinhardtii increased from 
13.2 to 73.4% within 3 days. The lipid content (73.4%) in 
the 100 mM NaCl + 100 mM CaCl2 stress condition was 
approximately 3.5-, 2.7-, and 2.0-fold that of C. reinhardtii 
in the salt-free control condition without any stress (20.8%), 

in 100 mM NaCl (27.2%) and 100 mM CaCl2 (36.6%), 
respectively (Table 1).

Changes in starch content (%) in cultures of C. reinhardtii 
in the salt stress stage are shown in Fig. 4b. In the salt-free 
control, 50 mM NaCl and 100 mM NaCl conditions, starch 
content in C. reinhardtii markedly increased and approached 
39.0%, 30.5%, or 28.1%, respectively, within 3 days (Fig. 4b 
and Table 1). However, upon culturing with 200 mM NaCl 
and 0‒200 mM NaCl + 100 mM CaCl2, starch content (%) 
in C. reinhardtii slightly increased or did not increase over 
3 days; the starch content under these salts stresses after 
3 days were significantly (p < 0.05) lower than those in the 
control conditions (Fig. 4b and Table 1). Previous studies 
have reported that the lipid content of microalgae can be 
increased by a metabolic switch from starch-to-lipid synthe-
sis, wherein intracellular energy is expended in the storage 

Table 1   Chlorophyll, dry cell weight, starch content, and lipid content on day 3 of the salt stress stage, and biomass/lipid productivity of Chla-
mydomonas reinhardtii in overall 9-day growth and 3-day stress stages

* Significant differences relative to the control (p < 0.05); Values are mean ± SD (n = 3)

Treatment in stress stage Chlorophyll 
a + b (μg/mL)

Dry cell 
weight 
(mg/L)

Starch content (%) Lipid content (%) Biomass produc-
tivity (mg/L/d)

Lipid produc-
tivity (mg/L/d)

Salt free (control) 12.0 ± 0.3 307 ± 0 39.0 ± 1.8 20.8 ± 1.7 24.9 5.3
50 mM NaCl 12.1 ± 0.6 371* ± 0 30.5 ± 9.7 15.0* ± 0.8 30.2 4.6
100 mM NaCl 11.3* ± 0.5 263* ± 0 28.1 ± 6.9 27.2* ± 1.1 21.2 6.0
200 mM NaCl 6.7* ± 0.1 211* ± 0 17.6* ± 6.9 41.1* ± 3.5 16.9 7.2
0 mM NaCl 8.1* ± 0.2 204* ± 1 14.6* ± 2.4 36.6* ± 0.9 16.3 6.2
100 mM CaCl2 5.4* ± 0.2 219* ± 0 20.7* ± 0.2 48.6* ± 4.7 17.6 8.9
100 mM NaCl + 100 mM CaCl2 3.9* ± 0.1 178* ± 0 16.5* ± 7.2 73.4* ± 6.2 14.2 10.9
200 mM NaCl + 100 mM CaCl2 1.4* ± 0.0 143* ± 1 15.7* ± 4.2 38.0* ± 3.2 11.2 4.5

Fig. 4   Changes in a total lipid 
content (%) and b starch content 
(%) in Chlamydomonas rein-
hardtii cells in the 3-day stress 
stage. Values are mean ± SD
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of lipids produced from starch upon NaCl treatment [16]. 
Herein, a similar result as the starch-to-lipid switch, i.e., a 
reduction in the starch content and an increase in the lipid 
content in C. reinhardtii were observed with 200 mM NaCl 
and 0‒200 mM NaCl + 100 mM CaCl2 (Fig. 4).

Expression of genes involved in TAG metabolism 
and photosystems in C. reinhardtii in the salt stress 
stage

Metabolism of lipids, principally TAG, in C. reinhardtii has 
been extensively analyzed (Fig. 1). Within the metabolic 
pathway, three genes, GPDH, LPAAT​, and DAGAT​, were 
monitored under salt stress conditions herein since they play 
key roles in lipid accumulation in C. reinhardtii [28]. Fur-
thermore, psbA and psaA expression [30] was monitored to 
understand the inhibitory effects of salt stress on C. rein-
hardtii growth. Relative transcript levels of GPDH, LPAAT​
, DAGAT​, psbA, and pasA are shown in Fig. 5. The relative 
gene expression levels (fold change compared to salt-free 
control condition) of GPDH, LPAAT​, and DAGAT​ in C. rein-
hardtii upon culturing with 100 mM NaCl, 100 mM CaCl2, 

and 100 mM NaCl + 100 mM CaCl2 stress conditions were 
significantly higher than 1, fold change 1 was the same levels 
as the salt-free condition. The gene expression levels of the 
three genes on day 1 were greater than those on day 3. Fur-
thermore, the expression levels of these genes upon culturing 
with 100 mM NaCl + 100 mM CaCl2 were higher than those 
with 100 mM NaCl and 100 mM CaCl2. Our results clearly 
indicate that salt stress treatments (100 mM NaCl, 100 mM 
CaCl2, and 100 mM NaCl + 100 mM CaCl2) rapidly and sig-
nificantly upregulated GPDH, LPAAT​, and DAGAT​ genes in 
C. reinhardtii. The upregulation of the three genes upon salt 
stress resulted in lipid accumulation in C. reinhardtii. Thus, 
along with NaCl, CaCl2 plays a key role in lipid accumula-
tion in C. reinhardtii. Moreover, compared to 100 mM NaCl 
and 100 mM CaCl2, 100 mM NaCl + 100 mM CaCl2 stress 
markedly upregulated these three genes in C. reinhardtii. 
Gene upregulation upon 100 mM NaCl + 100 mM CaCl2 
stress resulted in the highest lipid accumulation of C. rein-
hardtii in the present salt stress stage (Fig. 4a and Table 1).

However, psbA and psaA were downregulated under 
salt stress conditions (100 mM NaCl, 100 mM CaCl2, and 
100 mM NaCl + 100 mM CaCl2) on days 1 and 3. Our 

Fig. 5   Gene expression profiles of GPDH, LPAAT​, DAGAT​, psbA, 
and psaA genes in Chlamydomonas reinhardtii in the 3-day stress 
stage of 100 mM NaCl, 100 mM CaCl2, or 100 mM NaCl + 100 mM 
CaCl2. Data are expressed as relative transcript levels. The values are 

fold changes relative to transcript levels in the salt-free control con-
dition. The relative transcript levels were determined via the 2–ΔΔCt 
method. Values are mean ± SD. Asterisks indicate significant differ-
ences with respect to the salt-free control condition (p < 0.05)
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results indicate that salt stress inhibited the photosystem of 
C. reinhardtii, concurrent with a previous study reporting 
the downregulation of genes involved in photosystem I and 
II in C. reinhardtii upon treatment with 200 mM NaCl [36]. 
These results indicate the inhibition of growth and reduction 
in chlorophyll a + b levels in C. reinhardtii in the salt stress 
stage (Figs. 2 and 3).

Other salts including KCl and MgCl2, and different com-
binations of salts including NaCl + KCl, NaCl + MgCl2, and 
NaCl + CaCl2 + KCl might have similar effects on C. rein-
hardtii. Further studies are required to determine the effects 
of other salts and/or their combinations on lipid accumula-
tion and gene expression in C. reinhardtii.

Biomass and lipid productivity during the two‑stage 
culture system

Dry biomass and lipid productivity (mg/L/days) in C. 
reinhardtii over the entire two-stage culture (12 days) are 
shown in Fig. 6. Biomass productivity of C. reinhardtii in 
the control and with 50 mM NaCl + 0 mM CaCl2 stress was 
relatively higher than that under other salt stress conditions. 
The highest biomass productivity (30.2 ± 2 mg/L/days) was 
observed with 50 mM NaCl. However, lipid productivity 
of C. reinhardtii with 50 mM NaCl + 100 mM CaCl2 and 
100 mM NaCl + 100 mM CaCl2 stresses was relatively 
higher. The highest lipid productivity (10.9 mg/L/days) was 
observed in the 100 mM NaCl + 100 mM CaCl2 stress con-
dition. Lipid productivity of C. reinhardtii with 100 mM 
NaCl + 100 mM CaCl2 stress was approximately 2.1-, 1.8-, 
and 1.8-folds that of C. reinhardtii in the control condition 

without any salt stress, in 100 mM NaCl, and 100 mM 
CaCl2, respectively (Fig. 6 and Table 1).

Our study reveals the potential of salt combinations 
including NaCl and CaCl2 to enhance lipid productivity 
in C. reinhardtii under photo-autotrophic conditions. The 
effects of combinations of salts stresses on lipid content 
and lipid productivity in C. reinhardtii were compared to 
the effects of NaCl on various microalgae under photo-
autotrophic and heterotrophic conditions (Table 2). Lipid 
content (73.4%) induced by 100  mM NaCl + 100  mM 
CaCl2 in C. reinhardtii was the highest among those in 
various microalgal species upon NaCl stress. Treatment 
with salt combinations including NaCl and CaCl2 is a 
potentially new, promising method to induce lipid accumu-
lation in microalgae. However, lipid productivity reported 
herein (10.9 mg/L/days) was not the highest, but rather 
comparable to that of previously reported studies (except 
for those reported in [7] and [19]). Lipid productivity 
depends on biomass productivity and the intracellular lipid 
content. Therefore, in future studies, we intend to optimize 
the growth medium, conditions, culture periods, and NaCl/
CaCl2 concentrations to further increase lipid productivity 
in C. reinhardtii upon NaCl/CaCl2 stress. Further stud-
ies are needed to examine the mechanisms underlying the 
high accumulation of lipids in C. reinhardtii upon NaCl/
CaCl2 stress.

Conclusion

This study investigated the effects of NaCl and CaCl2 stress 
on the growth and lipid content in Chlamydomonas rein-
hardtii, using a two-stage culture system comprising growth 
and salt stress stages. Salt combinations including NaCl 
(50–200 mM) and CaCl2 (100 mM), markedly inhibited 
the growth and increased the lipid content in C. reinhardtii. 
In particular, 100  mM NaCl/100  mM CaCl2 treatment 
resulted in the highest lipid content (73.4%) and productiv-
ity (10.9 mg/L/days) in C. reinhardtii, which were 3.5-fold 
and 2.1-fold those in salt-free conditions, respectively. Fur-
thermore, 100 mM NaCl/100 mM CaCl2 treatment mark-
edly upregulated GPDH, LPAAT​, and DAGAT​, which are 
involved in lipid accumulation in C. reinhardtii. The upregu-
lation of these genes with 100 mM NaCl/100 mM CaCl2 
resulted in the highest lipid content and productivity in C. 
reinhardtii. Therefore, stress treatment with two salt stresses, 
100 mM NaCl/100 mM CaCl2, is a potentially promising 
method to enhance lipid production by C. reinhardtii.

Fig. 6   Biomass and lipid production by Chlamydomonas reinhardtii 
in the two-stage culture comprising a 9-day growth and a 3-day stress 
stage. Values are means ± SD
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