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Abstract

In this study, the effects of combined stress factors involving light intensity and salinity (NaCl, MgCl,, CaCl,, and their
combinations) on the two-stage cultivation of Chlorella vulgaris for simultaneous production of biomass and high-value
products, were investigated. The two-stage strategies comprised a 25-day vegetative stage in BG11 medium, followed by a
15-day combined stress stage. During salt stress conditions, the addition of 15 g ™! CaClyor7.5¢g Lt MgCl,/75¢g Lt CaCl,
mixture with 140 umol m~2 s~! light intensity significantly promoted the growth of C. vulgaris achieving maximum biomass
productivity of 50.50+0.50 and 50.25 +3.25 mg L' d~!, respectively. Cultivation of C. vulgaris in a medium containing 7.5 g
L' NaCl/ 7.5 g L™! CaCl, had remarkably increased the lipid content (31.15 + 1.18%) and lipid productivity (14.55 + 1.48 mg
L' d7!). The saturated fatty acids (SFAs) at 39.52-59.29%, monounsaturated fatty acids (MUFAs) at 27.16-35.47%, and
polyunsaturated fatty acids (PUFAs) at 7.18-29.97%, were obtained with palmitic (C16:0), oleic (C18:1), stearic (C18:0), and
linolenic (C18:3) acids as predominant fatty acids. Cultures supplemented with 5 g L' NaCl/5 g L™! MgCl, /5 g L™! CaCl,
and high light intensity exposure attained consistently high carbohydrate content (52.71 +2.50%). The combination of 7.5 g
L' NaCl/7.5gL™! MgCl, also resulted in a marked increase in the protein content (35.32+2.20%) and total carotenoids
(0.31+0.03 pg mL~") as compared to the Controls. The highest antioxidant activity (86.16%) was achieved with a 7.5 g L™
NaCl/7.5gL™! CaCl, combination in the growth stage. The antioxidant activities were attributed to the presence of phenolics,
flavonoids, and tannins due to the stressed conditions. One of the key benefits of using a combined stress strategy in this study
is that if one factor has a low impact on enhancing target metabolites, other factors can compensate.
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1 Introduction

Microalgae have great potentials to become the major
sources of high-value compounds such as antioxidants,
carbohydrates, pigments, lipids, and proteins. This can
be attributed to their excellent photosynthetic efficiency,
high growth rate, shorter harvesting cycle, and the great
prospect for optimization of low-cost medium and cul-
tivation strategy. However, in terms of commercializa-
tion, microalgal biodiesel production is still far off from
wide and large-scale implementation. These are primarily
determined by the biomass productivity and cellular lipid
content of microalgae. Microalgae typically had a lipid
content of 1-70% but may increase to 90% with optimal
growth conditions [1]. Lipid productivity aside, other
microalgal biocompounds such as carbohydrates, intra-
cellular proteins, and antioxidants can be commercially
exploited as drugs, food additives, or functional food com-
ponents. These flexibilities make microalgae advantageous
as raw materials for the production of biodiesel and other
high-value compounds.

Generally, the conditions required to improve biomass
productivity may not trigger the formation of targeted
metabolites, while the stressed conditions to elevate sec-
ondary metabolite production may inhibit cell growth [2,
3]. Single stress factors including nutritional factors (e.g.,
nitrogen, phosphorus, carbon source) and environmental
factors (temperature, light intensities, pH, and salinity)
can induce the production of carotenoids, lipids, or carbo-
hydrates [4, 5]. Theoretically, high biomass and high bio-
products could improve the economics of the bioprocess.
Two-stage cultivation strategy (TSCS) is best suited to
overcome this limitation of using single medium and
single-stage cultivation [3]. The TSCS provides optimal
conditions for biomass production in the first stage and
stress conditions for targeted compound accumulation in
the second stage [2, 3]. The transition from the first to the
second stage may involve changes in growth mode (pho-
toautotrophy, heterotrophy, mixotrophy), operation (batch,
semi-batch, fed-batch, and continuous), physiochemical
factors (nutrients, temperature, light intensity, pH and
salinity), and cultivation system (open or close systems)
[6]. There are several studies on the application of TSCS
for microalgal biomass as feedstock for biodiesel produc-
tion, but limited reports have addressed its potential for
high-value compounds [2, 3, 6].

In some microalgae species, integrating two or more
types of stressors is not only useful but pertinent [7]. The
combination of the two-stress factors has been reported
to improve lipid productivity (25-54%), higher than the
single-stress factor [8]. Incorporating light intensity and
high salinity as stressors affect not only cell growth and
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lipid accumulation, but also the fatty acid profile [9]. In
the stress stage, C. vulgaris vegetative cells exposed to
light intensity and high salt stress attain elevated lipid
content, with a modified fatty acid profile [10]. Salt stress
elevates the reactive oxygen species (ROS) resulting in
increased rates of energy production, biopolymer and lipid
biosynthesis, and alter membrane permeability due to ion
homeostasis disruption [11]. Antioxidant compounds such
as phenols, flavonoids, and carotenoids may get accumu-
lated to quench the increased free radicals [10].

The addition of NaCl has been reported to increase
lipid accumulation in microalgal species such as C. vul-
garis [10], Desmodesmus abundans [9], and C. reinhardtii [12],
while salts’ ions such as magnesium (Mg>*) and calcium
(Ca®") could affect lipid accumulation [13, 14]. However, too
high amount of stress factors, above the limit of tolerance may
inhibit cell growth and induce cell death [15]. There is a dearth
of reports on the influence of various salts and/or their combina-
tions on gene expression and lipid accumulation. The application
of two salt stresses, NaCl / CaCl,, has resulted in an increase of
3.5-fold in the lipid content (73.4%), and 2.1-fold in productiv-
ity (10.9 mg L~'d™!) of C. reinhardtii, as compared to salt-free
conditions [16]. To the best of our knowledge, no research has
clearly reported the combination of more than two salt stress-
ors and their effects on the simultaneous production of valuable
products during TSCS of microalgal culture.

In this study, the effects of combined stress factors involv-
ing high light intensity, and a single or a combination of
different salt stressors, NaCl, MgCl,, and CaCl,, were inves-
tigated based on TSCS for C. vulgaris cultivation. The co-
production of lipids for biodiesel, carbohydrates, proteins,
carotenoids, and antioxidant compounds was determined.
The kinetics of cell growth and lipid production were evalu-
ated, and the fatty acids profile was analyzed.

2 Materials and methods
2.1 Chemicals and reagents

Pure hexane, chloroform, ethanol, toluene, methanol, and
sulphuric acid were purchased from Merck Co. (Darmstadt,
Germany). Other chemicals were of pure grade and were
purchased from Sigma—Aldrich (St. Louis, MO, USA).

2.2 Microalgal culture conditions

C. vulgaris was cultured in BG11 medium [17], under fluo-
rescent white light (Philips, TLD18W/ 54-765) at 40 pmol
photons m™%s ~!, 25+ 1 °C and pH 7 + 1 with constant bub-
bling of air (filtered through a 0.22 pm microporous filter)
throughout the experiments.
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2.3 Combination of salt stress and light in TSCS

The experimental design and culture conditions of the
TSCS of C. vulgaris based on combined stress factors (salt
stress and light) are shown in Table 1 and Fig. 1. C. vul-
garis was inoculated into BG-11 medium (10% of the
total growth medium) in 1 L conical flasks, and incubated
under the aforementioned conditions for 25 days (vegeta-
tive phase). In the salt-stress phase, the vegetative cells
were divided into 2 groups: (i) Group 1, the cultures were
maintained under the same conditions for 15 days (Con-
trol 1). The cultures were moved to grow under 140 pmol
photons m~2 s ~! light intensity for 15 days Control 2
(light stress). (ii) Group 2, the cultures were exposed to
140 pmol photons m~2 s ~! with single salt (15 g L™! NaCl
or 15 g L™! MgCl, or 15 g L™! CaCl,) and designated
as C1/2/3; or combination of two salts (7.5 g L~! NaCl/
7.5 g L7 MgCl, or 7.5 g L' NaCl/ 7.5 g L™! CaCl, or
7.5 g L™! MgCl1,/7.5 ¢ L™ CaCl,) and designated as
C4/5/6; or combination of three salts (5 g L™! NaCl/ 5 g
L' CaCly/5 g L™! MgCl,) and designated as C7. All flasks
were incubated for 15 days at 25+ 1 °C and 140 pmol
photons m~2 s ~! with constant bubbling of air (filtered
through 0.22 pm filter).

2.4 Cell growth measurements

The cell density was measured by ODgg, nm spectrophoto-
metrically (T60 UV/Vis spectrophotometer, PG instruments,
UK) in both the vegetative and stress stages based on 3 mL
sample removal every 5 days. The dry weight (DW) was
determined gravimetrically at the beginning and the end of
the cultivation period. After centrifugation of 20 mL of cul-
ture, the pellets were collected and washed two times using
deionized water, dried overnight at 60 °C, and then cooled
and weighed. The biomass productivity (BP, mg L' day™)
and biomass yield (BY, mg L™!) were determined accord-
ing to Equations as follows: BP=(X;—X,)/t, BY = (X;— X)),
where X and X, are the final and initial biomass concentra-
tions (g L™1), respectively; 7 is the duration of the run (day) [18].

2.5 Biomass composition

Dried C. vulgaris biomass samples were ground using a mor-
tar into powder. The samples were scanned, and recorded in
triplicate using Near-infrared (NIR) spectroscopy (DA1650,
FOOS, Denmark) located at Central Laboratory, Faculty of
Agriculture, Al-Azhar University, Cairo, Egypt. Lipids, total
carbohydrates, protein, moisture, fibers, and ash contents of
C. vulgaris were determined.

2.6 Lipid extraction and fatty acids profile

Lipids were extracted based on the modified protocol [19].
Dried biomass (0.5 g) was added to a 1:1 ratio (v/v) mixture
of chloroform and methanol. Deionized water was added to
achieve the final ratio of chloroform, methanol, and water at
the 1:1:0.9 ratio (v/v). The lipid-containing chloroform layer
was separated, and the solvent was evaporated (4045 °C). The
extracted lipids were weighed to calculate the lipid content on
the basis of the cell DW: L=(W;/ W) *100, where L is the lipid
content (%); W, and W are the weights of the extracted lipids
(mg L") and the dry biomass (mg L"), respectively. The lipid
productivity (LP) was calculated as follows [20]: LP=BP*L,
where LP is the lipid productivity (mg L™! day™"), BP is the
biomass productivity (mg L™! day™), and L is the lipid con-
tent (% dry weight). The lipid yield was determined as follows
[21]: LY=BY *L, where LY is the lipid yield (mg L"), biomass
yield, BY (g L™"), and lipid content, L (% dry weight).

Extracted lipids were transesterified according to a previous
study [22]. The fatty acid analysis was performed using Gas
Chromatography with an FID detector (300° C) and BPX capil-
lary column (60.0 mx 320 um) under air (400 mL min~") and
H, (35.5 mL min~') (Agilent 6890, Model G1530A, USA).
The oven temperature was initially programmed at 120 °C for
1 min, then increased to 210 °C at a rate of 8°/min, then raised to
225 °C at 2°/min and stayed for 5 min. Nitrogen was the carrier
gas at a 3.5 mL min~! flow rate. The injector temperature was
250 °C with a split ratio of 20:1.

2.7 Pigments extraction and quantification

The pigments (chlorophylls and carotenoids) were extracted
according to a previous report [23]. Briefly, 10 mL samples
were centrifuged at 2,500 rpm for 5 min and the superna-
tant was discarded. The cells were re-suspended in 10 mL
methanol (96%) and were homogenized at 1,000 rpm for
1 min. The homogenate was centrifuged at 3,000 rpm for
10 min. The supernatant was collected and the absorbance
was recorded at 653, 666, and 470 nm, the concentration of
pigments were calculated using the equations below:

Chlorophyll a (Chl a) (pg mL™") = 15.65(Age6) — 7-34 (Ags3)
Chlorophyll b (Chl b) (jig mL™") = 27.05(Agss) — 11.2 (Agss)
Total carotenoids (pg mL™") = (1,000(0OD,7,) — 2.86(Chl a) — 129.2(Chl b)) /245

where Ags3, Agee and A gy nm are the absorbance at the
indicated wavelength

2.8 Algal extracts preparation

One gram of freeze-dried microalgal biomass was extracted
with a mixture of methanol/ methylene chloride at the 1:1
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Fig. 1 Experimental design of
two-stage cultivation strategy.
The vegetative stage refers

to C. vulgaris cells cultured in
optimal conditions. The stress
stage refers to C. vulgaris cells
cultured under salt-stress condi-
tions and light

Vegetative phase

Aan

Two-stage cultivation
using salt stress

Control

@i

ratio (v/v). The algal biomass to solvent ratio was 1:50
(w/v), and the extraction was conducted in an ultrasonic bath
(SONICS, USA) with a frequency of 20 kHz and ultrasonic
power of 400 W. The supernatant was collected, filtered
through filter paper, and evaporated using a rotary vacuum
evaporator (40-45 °C)0.2.9

2.9 Antioxidant activity

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) solution
in methanol (0.16 mM) was used to estimate the free-
radical scavenging activity of crude extracts. Two mL
of DPPH, considered as a Control, was mixed with
2 mL of crude extracts or the standard antioxidants
(Vitamin C and butyl hydroxyl toluene (BHT)) at
250 ug mL~! concentration. The reaction mixture was
held at room temperature for 30 min in the dark [24]. The
absorbance was later measured at 517 nm, and the radical
scavenging activity was calculated:

.. .. A, —A
Antioxidant activity (%) = ) * 100

where, A, and A, represent the absorbance of the samples and
the DPPH control, respectively.

2.10 Determination of total phenolics, flavonoids,
and tannins contents

The phenolic contents in crude extract were measured
using the method as described before [25] and repre-
sented as gallic acid equivalent/g DW (GAE/g DW). One
hundred pl aliquot of sample was mixed with 2 mL of 2%

The vegetative cells were transferred to grow under high light
intensity of 140 umol photons m-2 s~ with addition of 15 g/L of
NaCl or MgCl, or CaCl, or their combinations to growth medum
for 15 days

The vegetative cells were kept growing under light intensity of
40 pmol photons m~2 s~ (Control 1) or transferred to grow under
140 pmol photons m=2 s~ (Control 2) for 15 days

g

Stress phase

Na,COj; and allowed to stand for 2 min at room tempera-
ture. After incubation, 100 ul of 50% Folin-Ciocalteu’s
phenol reagent was added, mixed thoroughly, and left to
stand for 30 min in the dark. Absorbance was determined
at 720 nm.

The flavonoids contents in the algal extracts were
determined using the spectrophotometric method [26].
Briefly, 1 mL of 2% AICl; solution dissolved in methanol
was added to 1 mL extract and incubated for an hour at
room temperature. The absorbance was determined at
Amax =415 nm. The same procedure was repeated for
the standard solution of Rutin and the calibration line
was constructed. Based on the measured absorbance, the
content of flavonoids in extracts was expressed in terms
of Rutin equivalent (mg of rutin/g DW).

The tannin content was determined based on the van-
illin hydrochloride method [27]. In brief, 1 mL of algal
extract was mixed with 5 mL vanillin hydrochloride
reagent. The absorbance was measured at 500 nm after
20 min. The amount of tannic acid was analyzed from the
standard curve (20—-100 mg tannic acid) and represented
as tannic acid equivalent/g DW [27].

2.11 Statistical analysis

The experiments were carried out in three replicates.
The significant difference of variables was determined
using one-way ANOVA with 95% confidence (probability
limit of p <0.05). Tukey’s test was used to identify the
differences between each level of treatment. The statistical
analyses were performed using Minitab software (V18,
Minitab Inc., USA).
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Table 2 Kinetics of growth and lipid production of C. vulgaris cultured under different salt-stress conditions in a two-stage cultivation strategy.
Results represent the mean + SD of three replicates. Different small letters indicate significant differences (p <0.05)

Culture condition Biomass productivity Biomass yield Lipid productivity Lipid content Lipid yield
(BP) (BY) (LP) (L) (LY)
(mgL~"d™ (eL™ (mgL~'d™ (%) (mg L")
Vegetative stage 25.25+1.641 1.01+0.06° 3.79+0.25° 10.42+0.27 105.39+9.57"
Control 1 38.50+0.25¢ 1.54+0.01° 7.14+0.23¢ 18.54+0.55 285.63+9.57°
Control 2 38.25+0.66¢ 1.53+0.02° 8.31+0.15¢ 21.74+0.75¢ 332.59+6.35°
Cl1 44.83+1.37° 1.79+0.05° 13.72+0.69° 30.59+0.60° 548.92 +27.62°
Cc2 39.25+0.50° 1.57+0.02° 4.44+0.17° 11.32+0.29° 177.86 +6.82°
C3 50.50+0.50° 2.02+0.02° 13.61 £0.06° 26.96+0.14° 544.57 +2.56
c4 42.58+1.12¢ 1.70+0.04° 2.92+0.13 6.86+0.13¢ 117.01+5.31°
C5 46.75+3.00° 1.87+0.12° 14.55 +1.48° 31.15+1.18° 583.57 +59.46°
C6 50.25+3.25" 2.01+0.13 5.27+0.81¢ 10.44+0.95° 210.80+32.69¢
C7 36.41+1.51° 1.45+0.06¢ 3.97+0.13¢ 10.90+0.09" 158.83 +5.27°

3 Results and Discussion

3.1 The effects of combined salt and light factors on
cell growth of C. vulgaris

High salinity and light intensity are essential environ-
mental stressors to enhance lipids, carbohydrates, carot-
enoids, or bioactive chemicals in marine and freshwater
microalgae [10, 12]. In this study, the TSCS involved a
25-day vegetative stage without salt stress with light
exposure of 40 umol m~2 s~!, followed by a 15-day stress
stage with salt in combination with a high light inten-
sity of 140 umol m~2 s~! (Table 2 and Fig. 2). Figure 2
A, B shows that all cultures exhibited significant differ-
ences (p <0.05) in the growth rate under different salt
stresses. The growth parameters, as shown in Table 2,
were significantly (p < 0.05) affected by the variation of
salt type in the medium. The highest biomass productiv-
ity and yield were obtained in the cultures supplemented
with CaCl, (C3) or a mixture of MgCl,/CaCl, (C6) and
exposed to 140 pmol m~2 s™! light intensity, as compared
to the Controls. On the other hand, the lowest biomass

productivity and yield were those grown in a medium
with a combination of NaCl/ MgCl,/ CaCl, (C7) salts and
exposed to high light intensity (Table 2).

The significant accumulation of biomass observed despite
the growth rate inhibition could be attributed to the size of
microalgal cells and organelles (mitochondria, chloroplast,
vacuole, etc.) even under salt stress [28]. Furthermore, the
accumulation of osmoprotectants molecules such as glyc-
erol, proteins, proline, etc. regulates the osmotic pressure
caused by NaCl and inhibits water losses [29]. For example,
the biomass productivity of Chlorella sp. TLD6B increases
significantly from 22.0 mg L™! d™! t0 27.7 mg L™! d~! after
the addition of 200 mM NaCl [30]. Lower NaCl levels
(e.g., 25 mM) can also promote the growth of the fresh-
water microalgae Chlamydomonas mexicana and Scenedes-
mus obliquus [31], while the levels of 50 mM or 100 mM
NaCl improve the cell growth of C. reinhardtii [16]. The
addition of 5 g L™! MgCl, to the TSCS of C. vulgaris with
exposure to 140 mol m~2 s~! light intensity for 20 days
promotes growth [10]. However, the combinations of NaCl
(50-200 mM) and CaCl, (100 mM) significantly suppress C.
reinhardtii cell growth [16].

Fig.2 Growth curve of C. L6 T ool 1 A 1.6
vulgaris cultured on (A) single L4 | —*—Control 2 [A] L] Igﬁ.’ﬁﬁﬁ,’}l [B]
salt-stress and (B) combina- igl ’ —=—c4 1
tions salt-stress conditions, in a 121 2 &5 121 —<C5 ]
two-stage cultivation strategy. g 17 7 11 :g?
Error bars represent + standard S os S o8
deviation of three replicates e - e
8 o6 8 o6
04 Vegetative Stress 04 Vegetative Stress
’ stage stage ’ stage stage
0.2 1 0.2 4
L L
0 r . r r - . 0 T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (days) Time (days)
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Table 3 Biomass composition of C. vulgaris cultured under salt-stress conditions in a two-stage cultivation strategy. Results represent the
mean + standard deviation of three replicates. Different small letters indicate significant differences (p <0.05)

Culture condition Biomass composition

Lipid Carbohydrates Protein Ash Fiber Moisture

(%) (%) (%) (%) (%) (%)
Vegetative stage 10.42+0.27 45.77 +3.40P 19.18 +1.80¢ 5.79+0.34° 5.04+0.32¢ 13.80+1.10°
Control 1 18.54+0.55¢ 29.89 +1.50¢ 23.55+1.89° 8.98 +0.43% 8.51+0.43° 10.53+1.21°
Control 2 21.74+0.75¢ 29.85+1.32¢ 2247 +1.43¢ 9.11+0.87* 7.48 +0.64° 9.35+0.78"
C1 30.59 +0.60? 23.13+0.98° 19.75 +1.40¢ 3.90+0.22¢ 11.87+£0.77* 10.76 +0.97°
Cc2 11.32+0.29° 45.59+3.21° 25.62+1.43° 3.13+019¢ 2.30+0.52¢ 12.04+1.12°
C3 26.96+0.14° 11.84+1.108 26.28 +1.10° 9.50+0.43% 11.18 +0.98* 1424 +1.28
C4 6.86+0.13¢ 4227 +3.02¢ 35.32+2.20% 1.2040.12° 1.31+0.13 13.04+1.75°
C5 31.15+1.182 15.85+1.32f 25.92+1.76° 7.59+0.23° 5.64+0.23° 13.85+1.09°
C6 10.44 +0.95" 4471 +2.78° 25.15+1.80° 1.83+0.09° 3.32+0.42¢ 14.55+1.24°
C7 10.90+0.09" 52.71+2.50° 22.76 +1.50° 1.01+0.02° 1.60+0.31° 11.02+1.20°

3.2 Effects on the biomass composition

The composition of C. vulgaris biomass cultivated under
combined stress factors (salts and light) in TSCS was ana-
lyzed using Near-Infrared Spectroscopy (NIRS) (Table 3).
The salt stressors (type and combination effect), and light
intensity were clearly shown to significantly affect (p <0.05)
the production of targeted products. The highest lipid con-
tent (31.15+1.18% and 30.59 +0.60%), and lipid productiv-
ity (14.55+1.48 mg L™'d~! and 13.72+0.69 mg L=! d~1)
were achieved when the cultures were transferred and
exposed to 140 pmol photons m~2 s~! light intensity, with
7.5 g L™' NaCl and 7.5 g L™! CaCl, (C5) or 15 g L™! NaCl
(C1) addition, respectively, for 15 days (Table 2 and 3).
The lipid content of microalgal cells can be increased
by a single inducer, such as high salinity [32], high light
intensity [33], or by combining several stress factors [34].
Combining the triggers such as nutrient starvation and physi-
cal stressors, during the cultivation period, typically results
in hyper-accumulation of lipid content [35, 36]. Further-
more, combined stress has a significant advantage wherein
if a particular factor has a low impact on improving desired
metabolites, other factors can compensate [3]. The obtained
results demonstrated the synergistic effect of salt combina-
tions and light intensity as has also been reported in other
microalgal species. In Chlamydomonas reinhardtii, expo-
sure to combinatorial treatment of 100 mM NaCl/100 mM
CaCl, and 80 pmol photons m~2 s ~! resulted in a significant
increase in lipid content and productivity, which were 3.5-
and 2.1-fold higher, respectively, than the salt-free control
conditions. This treatment also upregulated the expression
of key enzymes such as glycerol-3-phosphate dehydrogenase
(GPDH), lysophosphatidic acid acyltransferase (LPAAT),
and diacylglycerol acyltransferase (DAGAT), all of which
play a crucial role in lipid accumulation. These findings

suggest that combinatorial treatment with NaCl/CaCl, and
light intensity could be a promising strategy for enhancing
lipid production in C. reinhardtii [16]. The accumulation
of particularly neutral lipids contributes towards preserving
membrane integrity in response to salt stress, which could
cause a reduction in cell membrane osmotic pressure and
fluidity [37]. Salt such as Ca>* ion regulates numerous meta-
bolic pathways and is involved in various signaling pathways
in microalgae [38], which could have promoted cellular lipid
production [14], to meet the demand for high energy con-
sumption and storage during stressed conditions.

Table 3 shows the highest carbohydrate content
(52.71 £2.50%) was obtained in C7 where the culture was
subjected to a combination of NaCl, MgCl,, and CaCl, dur-
ing the stress stage for 15 days. Carbohydrate accumula-
tion in response to salt stress has been observed in a variety
of microalgal strains including Chlorella sp., Dunaliella
sp., Chlamydomonas sp., Mesotaenium sp., Scenedesmus
quadricauda, and Tetraedron sp. [39]. The semipermeable
cell membrane serves as a barrier between the cytoplasm
and the external environment, and it is capable of adapting
to changes in salinity, particularly in relation to carbohy-
drates and lipids. Carbohydrates are crucial in regulating
the transfer of cations and maintaining a low concentration
of Na™ in the cytoplasm when exposed to saline media [39].
However, there was a reduction in the carbohydrate content
and an increase in the lipid content of C. vulgaris in the
C1 and CS5 treatments. This could be a result of the carbo-
hydrates-to-lipid switch. The significant reduction in lipid
content (p <0.05) upon culturing with NaCl / MgCl, (C4) or
MgCl, / CaCl, (C6) or NaCl / MgCl,/ CaCl, (C7) was most
probably due to the antagonistic effects between salts. Addi-
tionally, high salinity combined with light intensity cause
an increase in cellular respiration activity, which leads
to the degradation of energy-rich storage molecules such
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Table 4 Lipid profiles
(expressed in %) of the highest
lipid content C. vulgaris

Types of Fatty acids

Fatty acid (%)

biomass cultured under salt-
stress conditions in a two-stage
cultivation strategy

Vegetative stage ~ Control 1 Control2  ClI C3 C5
Myristic acid (C14:0) 4.06 nd 0.82 nd nd nd
Pentanoic acid (C15:0) nd nd 2.56 nd 2.44 2.52
Palmitic acid (C16:0) 35.00 35.90 28.70 32.00 24.99 26.68
Palmetoleic acid (C16:1) 3.05 2.34 2.46 3.51 2.46 2.70
Heptadecanoic acid (C17:0)  nd 4.47 4.46 5.57 6.45 6.89
Heptadecenoic acid (C17:1) 9.57 4.15 3.94 3.21 4.26 3.73
Stearic acid (C18:0) 12.59 4.25 4.09 3.07 323 343
Oleic acid (C18:1) 20.87 20.67 22.41 29.02 23.80 24.03
Linoleic acid (C18:2) 4.70 14.78 15.27 13.57 16.22 16.34
Linolenic acid (C18:3) 2.48 13.38 12.15 10.02 13.63 13.63
Arachidic acid (C20:0) 3.32 nd 2.13 nd 2.48 nd
Eicosenoic acid (C20:1) nd nd 0.95 nd nd nd
Lignoceric acid (C24:0) 4.32 nd nd nd nd nd

nd: not detected

as lipids and starch in some microalgae [40]. During salt
stress, microalgae utilize carbohydrates as osmoprotect-
ants to regulate homeostasis and ensure osmotic adjustment
[41], and help cells to adapt [15]. Hence, the lipid content
of microalgae can be enhanced through a metabolic switch
from starch-to-lipid synthesis, in which intracellular energy
is consumed utilizing the lipids in the storage synthesized
from starch [42].

Unfavorable conditions such as nutrient depletion or
excessive salinity may cause microalgae to accumulate
more lipids and carbohydrates than proteins [16]. The
physiological disorders under high salinity could have
removed K* ions, a crucial element in protein synthesis
[13]. The protein content of C. vulgaris in the present
study varied from 19.18 to 35.32% under different salt
stresses. The highest protein content was observed under
combined stress conditions (C4 and C3) compared to sin-
gle inducer (Control 2) (Table 3). These variations sug-
gest that microalgae may respond to salt stress and high
light intensity by increasing the soluble proteins, instead
of soluble carbohydrates [43]. Chlorella salina exhib-
ited an increase in both soluble and total carbohydrates
with the rise in salinity levels. This was accompanied by
a corresponding increase in both soluble and total pro-
teins, which could be due to an improvement in the pho-
tosynthesis rates. One of the possible reasons behind this
may be under high salinity stress an accumulation in free
amino acids and proline contents in C. vulgaris compared
to the control was observed. The percent increase was
21.74 and 64.5% over the control, respectively at 0.8 M
NaCl [43]. The lowest protein content (19.75 + 1.40%) was
recorded under C1 condition. The physiological disorders
under high salinity could have removed K*ions, a crucial
element in protein synthesis [13]. During salinity stress,

@ Springer

higher plants and macroalgae have been observed to down-
regulate genes that are associated with primary metabo-
lism and protein synthesis, as well as activation of genes
related to autophagy and protein degradation [44]. Other
cellular components such as ash content indicated that the
inorganic matter including the minerals was comparable
to a previous report (6.3 -15.8% dry weight) [45]. The
highest fiber contents were achieved in C1 and C3 (11.87%
and 11.18%, respectively), whilst moisture content ranged
from 9.35-14.55% (Table 3).

The profile of the high lipid cultures (C1, C3, C5) showed
the presence of 13 identified fatty acids (Table 4). The fatty
acid methyl esters (FAMESs) contained saturated (SFAs)
(39.52-59.29% of total FAME), monounsaturated (MUFAs)
(27.16-345.74%), and polyunsaturated fatty acids (PUFAs)
(7.18-29.97%) with the chain lengths from C14 to C24, as
shown in Fig. 2. The predominant component is palmitic
acid (C16:0, 24.99-35.90%), followed by oleic acid (C18:1,
20.67-29.02%), linolenic acid (C18:2, 4.70-16.34%), and
stearic acid (C18:0, 3.07-12.59%). The content of the other
fatty acids was relatively low. Oleic acid and palmitic acid
produced from aerobic desaturation and chain elongation
act as precursors of membrane glycerolipids [20]. Oleic acid
serves as the main product of De novo fatty acid synthesis
which produces omega 3 such linolenic acid C18:3, eicosap-
entaenoic acid C20:5 and etc. This class of FA play a major
role in biotic and abiotic stress responses [46]. The highest
SFAs content (59.29%) was achieved at the end of the veg-
etative stage, followed by Control 1 (44.62%); and Control
2 (42.76%). Control 2 had similar conditions to Control 1,
but the culture was exposed to higher light intensity (Fig. 3).
There was a noticeable increase in MUFA for C1 (35.74%),
C3 (30.52%), and C5 (30.46%). The PUFAs also recorded a
marked increase in all optimal salt stress conditions, reaching
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Fig.3 Fatty acid components of the highest lipid content from C. vul-
garis biomass cultured under salt-stress conditions in a two-stage cul-
tivation strategy. SFAs, saturated fatty acids (C14:0-C 24:0); UFAs,
unsaturated fatty acids (C16:1-C 20:1); MUFAs, monounsaturated
fatty acids (C16:1-C20:1); and PUFAs, polyunsaturated fatty acids
(C18:2-C18:3)

amaximum in C5 (29.97%), and C3 (29.85%) as compared to
Controls (7.18-28.16%).

Combining high salinity and light intensity as stressors not
only affects cell growth and lipid, but also the fatty acid com-
position [9]. The increase in UFAs at the expense of SFAs
in this study can be considered as a microalgae response to
preserve the membrane from salt alteration. Generally, salt
stress causes membrane degradation, resulting in the altera-
tion of membrane permeability, integrity, fluidity and ion
transport selectivity [47]. Several studies reported the crucial
role of UFAs in adaptation and tolerance responses to salt
stress by protecting the plasma membrane and the photosyn-
thetic machinery [48]. For biodiesel production, a high level
of lipid and triacylglycerol (TAG), with a balanced fatty acid
composition should be ideally attained. The long-chain fatty
acids (C16-18) are preferable as the increase in carbon chain
length leads to an increase in the biodiesel properties such
as heat of combustion, cetane number, and viscosity [49].
The C16-C18 content (84-91%) of C. vulgaris under C1, C3,
and C5 conditions is markedly higher than in Scenedesmus
obliquus CNW-N (67-86%) [50], and Haematococcus plu-
vialis (76.6%) [51]. Based on the European Standard (EN
14214) for biodiesel, the PUFAs (>3 double bonds) should
be 1%, which could affect positively the properties of biodiesel
[52]. C. vulgaris is a promising feedstock for biodiesel produc-
tion as it has demonstrated a considerable amount of C18:2
and C18:3, resulting in low melting points, which are therefore
appropriate for low-temperature biodiesel [53].

3.3 Effects on chlorophyll a and carotenoids
production

Figure 4 shows the chlorophyll a and carotenoid production
in both vegetative and stress stages of all cultures. During the

vegetative stage, chlorophyll a and carotenoid concentrations
were simultaneously increased. The accumulation of chlo-
rophyll is favored under conditions that are optimal for cell
growth, which is consistent with their role in photosynthesis
[54]. In the stress stage (carotenogenesis), the total carotenoid
concentrations increased under all salt stress and light condi-
tions, while chlorophyll declined in all cases except in Control
1. The reduction of Chl a may be an oxidative stress symptom
related to increased chlorophyllase activity promoting Chl a
degradation [55]. It may also be related to decrease in Rubisco
activity due to the low CO, uptake [56]. It is reported that
salt stress negatively affects carbon fixation and carbon con-
centrating mechanisms in C. reinhardtii which is required for
CO, availability for Rubisco [56]. Pandit et al. [15] related this
chlorophyll reduction to osmotic and toxic ionic stress, which
causes a decrease in photosynthetic rate and consequently low-
ers Chl and protein content.

The highest carotenoid level (0.31+0.03 pg mL™") was
observed for C. vulgaris cultured in a medium supplemented
with NaCl/MgCl, and exposed to high light intensity (C4).
The elevation of chlorophyll a and carotenoid levels clearly
indicated the synergistic effect of the salt combination.
Increased salinity and light intensity are important stimuli
for the production of pigment [10, 12, 57]. Higher levels
of carotenoids are synthesized as a defence mechanism to
counter increased ROS levels under stress conditions. A
metabolic pathway mediated by abscisic acid [58], may
be enhanced with increased salt content and combination.
The higher the abscisic acid content, the greater will be the
counter-response to the stressors, resulting in higher carot-
enoids production [59]. Salt stress has also been reported
to down-regulate the photosystem I and II genes in C. rein-
hardtii after the treatment with 200 mM NaCl [16]. These
appear to support the cell growth inhibition and reduction in
chlorophyll level in C. vulgaris as observed during the salt
stress stage (Fig. 2 and 4).

3.4 Antioxidant activity of C. vulgaris extracts
cultured under combined stress factors

As shown in Fig. 5, the highest antioxidant activities were
observed, in C5 (86.16 +2.32%) and C1 (71.6 +1.45%)
conditions, and were only slightly lower than the standards
BHT (87.63 +1.55%) and vitamin C (88.8 +1.8%). The
C6 and Control 1 conditions exhibited the lowest activities
(61.05+0.98%, 63.8+1.98%), and were almost compara-
ble to C2 and C7. The ICs, value (14.23 pg mL™") of C5
extract which was close to the standard antioxidants (BHT,
11.2 pg mL~! and vitamin C, 12.9 pg mL™!), suggests the
feasibility of attaining strong antioxidant activity with TSCS.
Phytochemical screening showed the presence of consid-
erable amounts of phenolic compounds (46.79 +£0.98 mg
Gallic Acid Equivalent/g DW), flavonoids (34.56 + 1.34 mg
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«Fig.4 Chlorophyll a and carotenoids production in C. vulgaris in
vegetative and stress stages cultured under different salt-stress condi-
tions in a two-stage cultivation strategy. Error bars represent + stand-
ard deviation of three replicates

of Rutin/ g DW), and tannins (6.12+0.12 mg tannic Acid
Equivalent/ g DW) in the extract of C5 (Fig. 6). The abun-
dance of unsaturated bonds and hydroxyl groups in chemi-
cal extracts has been attributed to their ability to scavenge
free radicals and inhibit oxidation [60, 61]. Cultivation of C.
vulgaris in a medium containing 5 g L™' NaCl or MgCl,,
and with exposure to high light intensity, led to enhanced
antioxidant activities (65-79%) as well as the production of
antioxidant phytochemicals [10].

The results of our study proved the great potential of
TSCS of C. vulgaris based on combinations of NaCl, MgCl,,
and CaCl, and light intensity to be further optimized as a
cost-effective approach for high microalgal biomass density
with simultaneous production of lipid, carbohydrates, pro-
tein, carotenoid, and antioxidant compounds. Combining dif-
ferent stimuli during the cultivation of microalgae usually
results in the hyper-accumulation of target product. Thus, an
evaluation of the synergic effects of the stimuli as well as the
impact of each stress factor on the product-induction process

is necessary. Furthermore, the feasibility of producing target
metabolites through two-stage cultivation would require cost-
effective cultivation systems, efficient downstream processes,
and the integration of nutrient recovery from waste streams.
To assess the feasibility of implementing these strategies,
comprehensive techno-economic analysis and life cycle
assesemsnt (LCA) studies are necessary on a case-by-case
basis.

4 Conclusions

Combination of salinity and light intensity as stressors in
the TSCS of C. vulgaris had been shown as a potent strat-
egy for the co-production of high density biomass, lipids
for biodiesel, high-value products, and antioxidant com-
pounds. The NaCl/CaCl, combination with high light
intensity markedly increased the lipid yield and accumu-
lated significant amounts of esterifiable lipids, containing
mainly C16-C18 fatty acid chains suitable as biodiesel
feedstock. The combination of three salts enhanced total
carbohydrate content, while the NaCl/MgCl, combination
increased the carotenoids content. The elevation of anti-
oxidant compounds proved the cultural responses to the
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stresses from the combined effects of two or three salts
with high light intensity. The approach formulated was
viable for the simultaneous optimal production of bioen-
ergy and valuable products from C. vulgaris.
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