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Abstract The effects of trehalose (Tre), a non-reducing
disaccharide, on metabolic changes, antioxidant status, and
salt tolerance in Dunaliella bardawil cells were investi-
gated. Algal suspensions containing 1, 2, and 3 M NaCl
were treated with 5 mM Tre. While the content of pig-
ments, reducing sugars, proteins, glycerol, and ascorbate
pool accumulated with increasing salinity, the content of
non-reducing sugars, starch, amino acids, proline, hydro-
gen peroxide, and lipid peroxidation level decreased sig-
nificantly. Tre-treated cells showed a decrease in pigments
content, reducing sugars, starch, proteins, amino acids,
proline, glycerol, and the activity of non-specific peroxi-
dase and polyphenol oxidase, but an increase in non-re-
ducing sugars, oxidized ascorbate, and ascorbate
peroxidase activity occurred unchanged in the ascorbate
pool. However, the density and fresh weight of the cells
remained statistically unchanged in all Tre-treated and
untreated cultures. These results suggest that D. bardawil
cells potentially tolerate different salt levels by accumu-
lating metabolites, whereas Tre treatment changes carbon
partitioning and significantly reduces beneficial metabo-
lites without altering salt tolerance. Therefore, the regula-
tion of carbon partitioning rather than the amount of
assimilated carbon may play an important role in inducing
salinity tolerance of D. bardawil. However, Tre is not able
to enhance the salt tolerance of halotolerants and is even
economically damaging due to the reduction of unique
metabolites such as glycerol and B-carotene.
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Introduction

Among the environmental stresses that plants face, salinity
is highly complex and difficult due to its multiple effects
(Henry et al. 2015). The occurrence of osmotic stress fol-
lowed by the accumulation of ions to the point of toxicity is
known as the primary effect of salinity stress (Carillo et al.
2011; Nounjana et al. 2012). Osmotic stress restricts plant
water uptake, while subsequent ion toxicity increases the
toxic level of Na* and Cl~ and decreases the uptake of
potassium ions, which are essential for the function of
several enzymes (Munns et al. 2006; Nounjana et al. 2012).
As a secondary effect, oxidative stress due to the produc-
tion of reactive oxygen species (ROS) under salt stress can
also be developed (Parida and Das 2005; Nounjana et al.
2012; Abdallah et al. 2016; Ramadan et al. 2019). There-
fore, salt stress tolerance in plants is a complex process that
is achieved by different strategies through various mecha-
nisms of molecular, biochemical, and physiological (Zhang
and Shi 2013; Abdallah et al. 2016). Metabolic adjustment
as an effective mechanism in tolerating the salt stress of
photosynthetic eukaryote organisms is involved in the
accumulation of compatible solutes and the development of
antioxidant systems. These systems include non-enzymatic
antioxidants such as ascorbate and carotenoids, as well as
antioxidants enzymes such as catalase (CAT), ascorbate
peroxidase (APX), and pyrogallol peroxidase (PPX)
(Sairam and Tyagi 2004; Chen and Jiang, 2010; Mishra and
Jha 2011; Einali and Valizadeh 2015; Einali 2018).
Trehalose (Tre) is a non-reducing disaccharide of glu-
cose that is widely found in many organisms, from bacteria
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to higher plants and animals (Elbein et al. 2003). It has a
key role in controlling metabolism during plant growth and
development, including signal transduction, detoxification
and ROS scavenging, membrane protection, and stabiliza-
tion of proteins and enzymes (Bae et al. 2005; Paul 2007,
Luo et al. 2010; Abdallah et al. 2016). Tre acts as an
osmoprotectant in stress tolerance of some organisms,
including plants (Almeida et al. 2007; Iordachescu and
Imai 2008). However, the role of this molecule in algae
under environmental stress remained unclear.

Dunaliella, a unicellular green alga, is a halotolerant
organism that is able to survive in a wide range of salt
concentrations while maintaining its intracellular sodium
level (Ben-Amotz and Avron 1983; Garcia et al. 2007,
Chen et al. 2009). However, the optimum growth typically
occurs for most Dunaliella species at the concentration of
1-1.5 M salt (Avron and Ben-Amotz 1992; Takagi and
Karseno 2006; Mishra et al. 2008; Mishra and Jha 2011).
Dunaliella cells respond to salinity stress by accumulating
intracellular glycerol as an osmoregulatory agent through
photosynthesis in light or starch mobilization in the dark
(Shariati and Lilley 1994; Chen et al. 2009). It also has the
ability to produce B-carotene as an antioxidant photopro-
tector in large amounts in response to high salinity (Ben-
Amotz et al. 1982; Jahnke and White 2003; Salguero et al.
2003; Abd El-Baky et al. 2004). In addition to these
responses, the up-regulation of antioxidant enzymes
activity in Dunaliella cells grown under salt stress has been
demonstrated (Stepien and Klobus 2005; Haghjou et al.
2009; Einali 2018). Our previous studies showed that the
strategy of stress tolerance in Dunaliella cells could be
different depending on the species, type of stress, and
exogenously applied molecule for possible amelioration of
the adverse effects of stress (Einali and Valizadeh 2015;
Einali 2018; Mirshekari et al. 2019; Bahador et al. 2019).
Even though Tre as an osmoprotectant plays an essential
role in plant stress tolerance, the response of Dunaliella
cells to exogenous Tre under environmental stress has not
been reported yet. Accordingly, in the present study, the
role of Tre in growth, antioxidant status, and metabolic
modifications was assessed in D. bardawil cells under
long-term salt stress to find out its possible effect on salt
toleration.

Materials and methods

Algal cultures and experimental treatments

Dunaliella bardawil Ben-Amotz et Avron (UTEX 2538)
was obtained from The Culture Collection of Algae at the

University of Texas at Austin. The cells were inoculated in
a fresh modified Johnson medium (pH = 7.5) containing
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concentrations of 1, 2, and 3 M NaCl (Einali and Valizadeh
2015). The inoculated cultures were incubated in a growth
chamber at 25 °C with a light regime of 16 h light
(70 pmol photons m> sfl)/8 h dark under continuous
shaking (100 rpm) to reach the exponential growth phase.
Due to optimum growth at the concentration of 1 M NaCl,
the algal cells grown at this concentration served as the
control treatment for the salt stress experiments (Einali and
Valizadeh 2015). Each suspension was poured into two
flasks, one treated with 5 mM Tre, and the other received
only distilled water. All suspensions were transferred to the
growth conditions mentioned earlier. Tre-untreated sus-
pensions were used as control. All experiments were run in
triplicate from three separate flasks, and algal cells sam-
pling was performed just before (time zero) and 48 h after
Tre treatment.

Determination of cell density and fresh weight

The density of algal cells was determined by recording
their absorbance at 680 nm against alga-free media. The
fresh weight of cells was determined by harvesting the
algal pellet (AP) through centrifugation (2000 x g for
10 min) of 30 ml of cell suspensions. The cell mass was
resuspended in an isotonic medium, transferred to a pre-
weighed micro-tube, and centrifuged at 10,000 x g for
5 min to be harvested again. The cell mass was desalinated
by washing with 0.2 M NaCl culture medium and
reweighed (Haghjou et al. 2014).

Pigments determination

Chlorophyll (Chl) and B-carotene as photosynthetic pig-
ments were extracted from the AP (harvested from 1 ml of
suspension) with 80% (v/v) acetone (Einali 2018). Arnon
(1949) method was used to determine the content of Chl.
The absorbance of the extract at 480 nm was used for the
calculation of P-carotene concentration assuming E;q' ™
of 2273 (Ben-Amotz and Avron 1983).

Determination of soluble sugars, starch, and glycerol

For soluble sugars extraction, the acetone-decolorized AP
(harvested from 30 ml of algal suspension) was extracted
with 80% (v/v) ethanol (Mirshekari et al. 2019). Reducing
(RS) and non-reducing sugars (NRS) were measured
spectrophotometrically by the methods of Miller (1959)
and Handel (1968), respectively. Total soluble sugars
(TSS) were obtained by the sum of RS and NRS content.

Starch was extracted from the sugar-free cell mass
according to the modified method of acid hydrolysis
(Mirshekari et al. 2019). Starch content was quantified by
determining the liberated glucose through the anthrone
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method and calculated by multiplying the glucose equiv-
alent of 0.9 (McCready et al. 1950).

Glycerol was extracted from the AP (harvested from
30 ml of algal suspension) with 1.5 ml of distilled water
and 0.2 ml of chloroform (Chen et al. 2009). Sonication of
the cells was carried out twice for the 30 s at 2-min
intervals. The suspension was centrifuged (12,000 x g for
10 min), and the resulting supernatant was used for glyc-
erol determination. For glycerol determination, 0.2 ml of
supernatant was mixed with 1 ml of sodium periodate
reagent (3 mM sodium periodate and 100 mM ammonium
acetate in 100 ml of 6% acetic acid). After 5 min, 2.5 ml of
acetylacetone reagent (acetylacetone and isopropanol,
1:99, v/v) was added to the mixture. The samples were
incubated at 60 °C for 30 min, and the absorbance was
recorded at 410 nm. Glycerol concentration was calculated
from a calibration curve of glycerol (Chen et al. 2009).

Determination of total protein, free amino acids,
and proline

After extraction of pigments, AP was resuspended with
0.5 ml of sample buffer (60 mM Tris—HCI buffer (pH 6.8),
10% (v/v) glycerol, and 2% (w/v) SDS) and incubated at
90 °C for 60 min (Stone and Gifford 1997). The suspen-
sion was then centrifuged at 10,000 x g for 15 min, and
the resulting supernatant was used to determine the total
protein content according to the method of Markwell et al.
(1981).

To extract total amino acids and proline, fresh AP
(harvested from 30 ml of cell suspension) were resus-
pended with 80% (v/v) ethanol (Mirshekari et al. 2019).
The resulting ethanolic extract was concentrated through
evaporation and decolored by chloroform (1:5; v/v). The
content of proline and the free amino acid was determined
by the ninhydrin methods described by Bates et al. (1973)
and Yemm and Cocking (1955), respectively.

Ascorbate determination

The modified method of Shigeoka et al. (1979) was used to
determine total ascorbate and dehydroascorbate (DHA) by
measuring the hydrazone complex produced in two sam-
ples with or without 2,6-dichlorophenol indophenol at
530 nm (Einali and Valizadeh 2015). The difference
between total ascorbate and DHA was considered as
reduced ascorbate (RAS).

Enzyme extraction and assay
Total soluble protein (TSP) containing crude enzymes was

extracted from fresh AP (harvested from 30 ml of cell
suspension) with 1 ml of extraction buffer (Bahador et al.

2019). To extract ascorbate peroxidase (APX), 5 mM
ascorbic acid was also added to the extraction buffer. When
using TSP to assay protease(s) activity, EDTA and PMSF
were not present in the extraction buffer (Einali and Val-
izadeh 2017). The extract was incubated for 1 h at 4 °C
followed by twice 30 s sonication with the 2-min interval.
The decolorization of the suspension was carried out by
adding 10 mg of charcoal and then -centrifuging at
12,000 x g for 10 min at 4 °C. The 12,000 x g super-
natant was used for TSP determination and enzyme anal-
yses. TSP was measured using the Bradford (1976)
colorimetric method.

CAT activity was measured according to Luck (1965)
method. The assay mixture (1 ml) contained 50 mM
potassium phosphate buffer (pH 7.0), 12.5 mM H,O,, and
crude enzyme extract. The activity of CAT was determined
using the extinction coefficient of 0.0394 cm? pmol ™' at
240 nm for H,0,.

APX activity was measured using the method of Chen
and Asada (1992). The reaction mixture (1 ml) consisted of
50 mM potassium phosphate buffer (pH 7.0), 0.5 mM
ascorbic acid, 1 mM H,0,, and enzyme extract. APX
activity was calculated assuming the extinction coefficient
of 2.8 cm®pmol™' at 290 nm for dehydroascorbate
production.

The activity of PPX and polyphenol oxidase (PPO) was
quantified as described by Nakano and Asada (1981). The
assay mixture (I ml) contained 50 mM potassium phos-
phate buffer (pH 7.0), 1 mM H,O,, 40 mM pyrogallol, and
enzyme extract for the PPX assay, while H,O, was
excluded from the reaction mixture for the PPO assay. The
activities of PPX and PPO were calculated using the
extinction coefficient of 2.47 cm® pmol ™' at 430 nm for
purpurogallin production.

The activity of protease(s) was quantified by measuring
the liberated soluble amino nitrogen (Peoples and Dalling
1978). The assay mixture contained 0.5 ml of substrate
(1% bovine serum albumin in 50 mM phosphate buffer (pH
45,175,9)), 0.1% (v/v) 2-mercaptoethanol, and 0.1 ml of
enzyme extract. The reaction was developed by incubating
samples at 37 °C for 2 h and terminated by adding 0.7 ml
of 15% (w/v) trichloroacetic acid (TCA). The mixture was
then centrifuged at 5,000 x g for 10 min, and the super-
natant was analyzed for measuring the amount of soluble
nitrogen using Yemm and Cocking (1955) method.

Lipid peroxidation and hydrogen peroxide
determination

The extraction of hydrogen peroxide and Malonyldialde-
hyde (MDA) was carried out by adding 5 ml of 0.1% (w/v)
cold TCA to AP (harvested from 30 ml of algal suspen-
sion) in an ice bath. The mixture was placed in an

@ Springer



2336

Physiol Mol Biol Plants (October 2021) 27(10):2333-2344

ultrasonic bath for two cycles of 30 s with an interval of
2 min and then centrifuged at 12,000 x g for 15 min. The
12,000 x g supernatant was analyzed for H,O, and MDA
estimation.

The potassium iodide method of Alexieva et al. (2001)
was used to determine hydrogen peroxide content. MDA
concentration was determined as an indicator of lipid per-
oxidation using the Heath and Packer (1968) method.

Statistical analysis

Results were expressed as mean and standard deviation
(SD) from three independent analyses. All data were tested
for normality and equal variance. Data were analyzed by
two-way factorial analysis of variance (ANOVA) at
P < 0.05, and statistically significant differences between
the treatments were determined by the Tukey test.

Results

Changes in density, fresh weight, and pigment
contents of D. bardawil cells in response to Tre
and salt treatment

The density and fresh weight of algal cells did not change
significantly in 2 and 3 M NaCl suspensions compared to
the control. This was also true in Tre-treated cells whose
density or fresh weight did not show a significant change
compared to untreated controls (data not shown).

Chl contents of Tre-untreated cells in 2 and 3 M NaCl
suspensions were higher than the control (Fig. 1). The
concentrations of Chl a and total Chl were negatively
affected by Tre treatment in all cell suspensions compared
to untreated cultures (Fig. 1A, C). Chl b content of the Tre-
treated cells grown at 3 M NaCl was the same with the
untreated control, whereas in 2 and 3 M NaCl suspensions
containing Tre were 29 and 58% lower, respectively
(Fig. 1B). The ratio of Chl a/b increased by 20 and 25% in
the Tre-untreated suspensions in relation to the control
(Fig. 1D). This ratio was positively changed by Tre treat-
ment in the cells collected from 1 M NaCl suspension
relative to untreated control. However, Chl a/b ratio did not
change with Tre treatment in 2 M NaCl but decreased at
3 M NaCl suspension (Fig. 1D).

The B-carotene content of algal cells in 2 and 3 M NaCl
suspensions was significantly increased by 47 and 50%,
respectively, against control (Fig. 1E). The concentration
of B-carotene in the Tre-treated cells significantly dropped
by 23, 67, and 30% in 1, 2, and 3 M NaCl suspensions,
respectively (Fig. 1E). The ratio of total Chl to B-carotene
increased in 2 M NaCl suspensions compared to the control

@ Springer

but did not change at 3 M NaCl. Tre treatment did not
affect this ratio in all cell suspensions (Fig. 1F).

Effects of Tre and salt treatment on soluble sugars,
starch, and glycerol contents

TSS and RS contents of algal cells increased in response to
salt concentration (Fig. 2A, B). The level of these sugars
was not affected by Tre treatment in 1 M NaCl suspension,
while it decreased in 2 M NaCl grown cells (Fig. 2A, B).
Tre treatment did not significantly change TSS in 3 M
NaCl (Fig. 2A) but decreased RS content by 19%
(Fig. 2B). Salt treatment alone significantly decreased NRS
and starch contents of D. bardawil cells compared to the
control (Fig. 2C, D). NRS concentration decreased by 23%
in the Tre-treated cells in 1 M NaCl compared to untreated
control while enhanced in other suspensions (Fig. 2C). Tre
treatment significantly decreased the starch content of cells
in 1 and 2 M NaCl against untreated controls but was
ineffective in 3 M NaCl suspension (Fig. 2D).

Glycerol production in D. bardawil cells showed a salt-
dependent increase (Fig. 2E). Glycerol concentration was
decreased by Tre treatment in suspensions of 1 and 3 M
NaCl compared to untreated controls while in 2 M NaCl
suspension remained unchanged (Fig. 2E).

Changes in protein and amino acid contents of D.
bardawil cells in response to Tre and salt treatment

Total protein content in cells grown in 2 M NacCl increased
by 24% compared to the control but did not change in cells
grown in 3 M NaCl. Tre treatment significantly decreased
the protein level of all cell suspensions (Fig. 3A). The
concentration of TSP gradually increases in response to the
salt level. While TSP levels increased by 36% in cells
grown in 1 M NaCl treated with Tre, in cells grown in 2
and 3 M NaCl they decreased 22 and 27%, respectively
(Fig. 3B). Total amino acid content decreased with
increasing salt levels. Free amino acid levels were signif-
icantly reduced in all Tre-treated cells (Fig. 3C). The
proline levels of algal cells in 2 and 3 M NaCl cultures
were 43 and 53% lower, respectively, than the control.
Proline content in Tre-treated cells collected from 1 and
3 M NaCl cultures decreased by 22 and 48%, respectively,
compared to untreated suspensions, but remained unchan-
ged at 2 M NaCl (Fig. 3D).

Changes in hydrogen peroxide and MDA contents
of D. bardawil cells treated with Tre and salinity

Hydrogen peroxide content in cells grown in 3 M NaCl
was lower than other salinities (Fig. 3E). Tre treatment did
not affect the level of hydrogen peroxide in 1 and 2 M
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Fig. 1 Pigments content of Dunaliella bardawil cells grown at 1, 2,
and 3 M NaCl in the presence or absence of 5 mM Tre after 48 h.
(A) Chl a, (B) Chl b, (C) total Chl, (D) Chl a/b, (E) B-carotene, and

NaCl suspensions but significantly reduced it in suspen-
sions containing 3 M NaCl (Fig. 3E). Lipid peroxidation
level decreased with increasing salt concentration
(Fig. 3F). Tre treatment significantly increased by 76% the
MDA level of cells in 1 M NaCl relative to untreated
control. However, lipid peroxidation in Tre-treated cells
grown in 3 M NaCl did not change against untreated cul-
tures (Fig. 3F).

Changes in the ascorbate pool content of D. bardawil
cells in response to Tre and salt treatment

Total ascorbate and RAS of algal cells significantly
increased in response to salt levels (Fig. 4A, B). Tre
treatment increased the total ascorbate of 1 M NaCl-grown
cells by 19% but did not change it at other salinities
(Fig. 4A). However, the content of RAS remained statis-
tically unchanged in Tre-treated cells against untreated
controls (Fig. 4B). DHA content in cells grown in 3 M
NaCl was 4.8 times higher compared to other untreated
cultures. Salinity in combination with Tre treatment
increased DHA levels in 1 and 2 M NaCl suspensions but
significantly decreased it in 3 M NaCl culture (Fig. 4C).
The RAS: DHA ratio increased by 33% in 2 M NaCl
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(F) total Chl: B-carotene. Results were expressed as the mean £ SD
of three independent measurements. Statistically significant changes
at P < 0.05 with Tukey test was shown by different letters

suspensions but did not change in 3 M NaCl. This ratio
increased fivefold in Tre-treated cells at 3 M NaCl while
was negatively affected by Tre in other suspensions
(Fig. 4D).

Changes in enzymes activity of D. bardawil cells
in response to Tre and salt treatment

Salt treatment differently affected the activity of all
enzymes studied in algal cells compared to the control
(Fig. 5A-D). CAT and PPX activity increased in 2 M NaCl
suspension but decreased abruptly in 3 M NaCl (Fig. 5A,
C). CAT activity was significantly increased by 66 and
34% in Tre-treated cells grown at 1 and 3 M NaCl,
respectively, compared to the control but was 23% lower in
cells grown at 2 M NaCl (Fig. 5A). APX activity increased
in response to salt levels. Tre treatment significantly
enhanced APX activity in 1 and 2 M NaCl suspensions
compared to untreated controls but decreased it in cultures
containing 3 M NaCl (Fig. 5B). Tre treatment reduced the
PPX activity of cells in 2 M NaCl by 42% compared to
untreated cultures while did not affect 1 and 3 M NaCl
suspensions (Fig. SC). PPO activity increased with salt
level. Its activity increased by 58% in Tre-treated cells in
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Fig. 2 Changes in total soluble sugars, TSS (A), reducing sugar, RS
(B), non-reducing sugar, NRS (C), starch (D), and glycerol (E) con-
tents of Dunaliella bardawil cells grown at 1, 2, and 3 M NaCl in the

1 M NaCl relative to untreated control, but decreased by 73
and 85% in 2 and 3 M NaCl suspensions, respectively
(Fig. 5D).

The proteolytic activity of algal cells increased at acid
pH in response to the salt level, while the activity at neutral
and alkaline pHs was lower in 3 M NaCl suspensions.
(Fig. SE). Tre treatment did not change the acidic or
alkaline proteolytic activity of cells in 1 M NaCl but
decreased its activity at neutral pH. The proteolytic activity
of Tre-treated cells in 2 M NaCl dropped in acid pH
compared to untreated controls while remained unchanged
at other pHs. However, increased activity of proteases at
neutral and alkaline pHs occurred in 3 M NaCl suspensions
treated with Tre (Fig. SE).

Discussion
Cell density as an indicator of cell division in D. bardawil
suspension was not affected by salt level, which indicates

that this species of Dunaliella is more tolerant of salinity
levels than D. salina, a strain that shows the negative effect
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presence or absence of 5 mM Tre after 48 h. Results show the
mean + SD of three separate analyses. Different letters show
statistically significant changes at P < 0.05 with Tukey test

of high salinity on cell division (Takagi and Karseno 2006;
Mishra et al. 2008; Einali and Valizadeh 2015). The den-
sity of cells was not affected by Tre treatment, which
means that this sugar has no beneficial effect on the cell
number of Dunaliella as a halotolerant organism. This is
consistent with a study showing that Tre treatment did not
reduce the adverse effects of salinity on salt-tolerant rice
seedlings (Theerakolpisut and Gunnula 2012). Similarly,
the fresh weight of D. bardawil cells did not change at
salinity alone or in combination with Tre treatment. The
positive role of Tre in enhancing growth parameters,
including fresh weight in stressed or unstressed plants, has
been previously reported (Zeid 2009; Chang et al. 2014;
Abdallah et al. 2016). Given that the level of metabolites in
cell suspensions fluctuate by salinity alone or combined
with Tre treatment, the lack of change in fresh weight of
cell can be attributed to the coordinated changes in
metabolites during treatments and the ineffectiveness of
Tre on D. bardawil cell growth.

Photosynthetic pigment contents were higher in 2 and
3 M NaCl suspensions. In contrast, pigments content of
Tre-treated cells not only did not increase but also
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decreased significantly. Unlike numerous studies that have
shown the enhancing role of Tre in pigments content under
both stable and unstable conditions (Zeid 2009; Theer-
akulpisut and Phongngarm 2013; Abdallah et al. 2016), our
work indicates that Tre has a decreasing effect on pigment
contents of all suspensions. Decreased Chl a/b ratio in 3 M
NaCl suspension treated with Tre shows a higher Chl
b content against Chl a in this treatment. This indicates that
at high salinity, Chl b is less sensitive to Tre treatment than
Chl a. However, the ratio of total Chl to B-carotene indi-
cates a coordinated change in the pigments of Tre-treated
cells relative to untreated cultures.

Changes in the pattern of soluble sugars in D. bardawil
cells indicate a more or less similar strategy in salt toler-
ance of this alga with other plants in which the accumu-
lation of soluble sugars under salinity is a common
occurrence (Dubey and Singh 1999; Prado et al. 2000;
Flowers 2004; Pattanagul and Thitisaksakul 2008).
Decreased levels of NRS and starch versus increased RS
pool in cell suspensions may be attributed to increased
carbon demand for the biosynthesis of other metabolites, as
evidenced by increased glycerol and some antioxidant
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Data were shown as the mean £+ SD of three independent experi-
ments. Statistically significant changes at P < 0.05 with Tukey test
was shown by different letters

molecules such as ascorbate and B-carotene. As reported in
Arabidopsis (Borsani et al. 2001) and two rice cultivars
(Walia et al. 2007), this pattern may occur due to increased
activity of sucrose and starch-hydrolyzing enzymes in 2
and 3 M NaCl suspensions. Because glycerol synthesis is
the most common way for salt tolerance in Dunaliella cells
(Ben-Amotz and Avron 1981; Ben-Amotz et al. 1982;
Chen et al. 2009; Oren 2017), a decrease in NRS and starch
by increasing salt level can be evidently attributed to the
production of this metabolite. The association of glycerol
accumulation with salt level confirms the direction of
carbon flow towards synthesizing characteristic metabo-
lites. Tre treatment decreased RS while increased NRS
content in 2 and 3 M NaCl suspensions, suggesting that Tre
may have a role as a signal molecule in the carbon parti-
tioning of D. bardawil cells. The finding that Tre acts as a
signal molecule in stress tolerance rather than as an
osmoprotectant (Iturriaga et al. 2009) further supports this
suggestion. The increase in NRS in Tre-treated cells could
not be due to the uptake of Tre by algal cells, as it did not
occur in the 1 M NaCl suspension. Decreased glycerol
accumulation in Tre-treated cells due to increased
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decomposition during the glycerol cycle (Oren 2017),
which is associated with sucrose accumulation and reduced
or no change in starch synthesis, confirms the role of Tre in
changing carbon dividing.

Total and soluble proteins of algal cells increased under
salinity while free amino acid and proline contents
decreased significantly. This suggests that, unlike other
plants (Velitcukova and Fedina 1998; Manan et al. 2016),
protein synthesis in D. bardawil cells not only does not
reduce by salinity but also enhances by increasing salt
levels. Increased proteolytic activity at acidic pH of 3 M
NaCl-grown cells, which is associated with increased sol-
uble proteins, implies that acidic proteases may be
involved in increasing protein solubility. Because the cat-
alytic activity of enzymes depends on their solubility (Han
et al. 2020), increasing the solubility of protein with salt
level in D. bardawil cells can be referred to as increasing
enzyme activity. Increased activity of some antioxidant
enzymes such as CAT and APX may further support this
suggestion. However, the decrease in solubility of proteins
in Tre-treated cells grown at high salinity is associated with
a reduction in total protein and an increase in proteolytic
activity at neutral and alkaline pHs, indicating the role of
these proteases in protein degradation. The different pattern
of free amino acid and proline accumulation in D. bardawil
cells with most plants under salinity (Gadallah 1999;
Claussen 2005; Khadri et al. 2006; Mohamedin et al. 2006;
Yoon et al. 2009) confirms the distinct salt tolerance
strategy in this alga. The decrease in these metabolites in
algal cells with increasing salinity may be attributed to the
synthesis of other osmolytes such as glycerol and antioxi-
dant molecules, including B-carotene and ascorbate. Tre
treatment decreased or did not affect the proline content of
algal suspensions. This is consistent with the reported
results on the negative effect of Tre on proline content in
rice seedlings under salinity (Nounjana et al. 2012) and two
maize cultivars under water stress (Ali and Ashraf 2011).
However, unlike these plants, Tre does not affect cell
density, confirming that proline is not a determining factor
in the salt tolerance of D. bardawil cells. Because the
decrease in amino acids and proline content of Tre-treated
cells was associated with less accumulation of glycerol and
B-carotene, a partial diversion of carbon flow to NRS
synthesis emphasizes the shift in carbon dividing by Tre.

Ascorbate, as an antioxidant molecule, plays an essential
role in mitigating the adverse effects of ROS under stress
conditions (Gallie 2013). Increased ascorbate pool with salt
level, which in our study was associated with decreased
lipid peroxidation and hydrogen peroxide, indicates
increased salinity tolerance of cells. The role of ascorbate
in the salt tolerance of D. tertiolecta (Jahnke and White
2003) and D. salina (Einali and Valizadeh 2015) has been
previously reported. Tre treatment did not affect total

ascorbate and RAS contents. However, DHA was posi-
tively affected by Tre treatment in 1 and 2 M NaCl while
drastically decreased in 3 M NaCl. This change in DHA
level is well matched with APX activity in all Tre-treated
and untreated cultures. Despite the high RAS: DHA ratio
due to a low DHA in 3 M NaCl suspension treated with
Tre, it is not associated with any change in RSA as an
important index of stress tolerance (Foyer and Noctor
2011). This indicates that D. bardawil cells have a high
capacity to recycle ascorbate that is not affected by Tre, so
they tolerate salinity and the resulting oxidative stress.
However, despite the change in the activity pattern of
antioxidant enzymes, the Tre treatment did not affect the
salt tolerance of the algal suspension, indicating that a
change in enzyme activity is compensated by a corre-
sponding change in other enzymes. The changes in APX
activity as a specific peroxidase in 2 and 3 M suspensions,
which was associated with reciprocal changes in CAT and
PPX activity, further support this suggestion and may
indicate a possible association between antioxidant
enzymes activity and the status of ascorbate pool. Simi-
larly, different changes in the activity of antioxidant
enzymes have been previously reported in D. salina cells
during salinity (Mishra and Jha 2011; Einali and Valizadeh
2015). These mutual changes observed in the activity of
antioxidant enzymes could explain the different effects of
Tre on the enzymatic activity of 2 and 3 M NaCl
suspensions.

As summarized in Fig. 6, the extraordinary salinity
tolerance of D. bardawil cells is achieved by accumulating
glycerol, total soluble sugars, and antioxidant molecules
such as B-carotene and ascorbate. However, the activity of
antioxidant enzymes showing their role in achieving salt
tolerance, and some osmoprotectants such as amino acids
and proline have no involvement in this mechanism. Tre
treatment reduced the content of pigments and the accu-
mulation of some metabolites, including proteins, proline,
amino acids, and glycerol. These alterations were associ-
ated with changes in antioxidant enzyme activity, carbon
partitioning, and DHA levels but no significant change in
ascorbate pool content. However, Tre-induced changes did
not affect the density and fresh weight of the cells, indi-
cating unchanged salt tolerance of D. bardawil cells.
Although the Tre treatment reduces the beneficial
metabolites produced due to salinity in D. bardawil, such
as glycerol and [-carotene, the algal tolerance to salt
remains unchanged, which could be due to changes
induced by Tre in carbon partitioning. This means that the
proper regulation of carbon partitioning instead of the
amount of photosynthates may be involved in salt tolera-
tion. Thus, Tre as a signal molecule is not only ineffective
in increasing the salinity tolerance of halotolerant
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Fig. 6 Schematic illustration for experimental design and metabolic changes of Dunaliella bardawil cells grown at 1, 2, and 3 M NaCl in the
presence or absence of 5 mM Tre after 48 h
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