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Abstract

Dunaliella salina, a microalga renowned for its production of bioactive compounds, holds
significant potential for biofuel generation. This study investigated the interactive effects of
salinity and nutrient availability on the growth kinetics, biomass yield, total lipid content, and
fatty acid composition of a D. salina strain isolated from the southern coast of Iran. The mi-
croalga was cultivated under three distinct salinity levels (35, 70, and 105 g/L), each supple-
mented with varying concentrations of nitrate (100%, 50%, 25%) and glucose (1, 2, and 3 g/L).
The highest biomass yield (1449 mg/L) was achieved at the lowest salinity (35 g/L.) when sup-
plemented with 3 g/L glucose. Notably, the average biomass production across various nutrient
treatments at 70 g/L salinity surpassed that observed at the other salinities. While alterations
in nutrient concentrations did not significantly impact the overall lipid content (P > 0.05), the
highest lipid accumulation was observed at the highest salinity (105 g/L). However, the lipid
productivity at 35 g/L with 3 g/L glucose was superior due to the substantially higher biomass
yield. Saturated Fatty Acids (SFAs) dominated the fatty acid profiles, ranging from 41% to 73%
of the total fatty acids, whereas Polyunsaturated Fatty Acids (PUFAs) varied between 2% and
40%. Palmitic acid (C16:0) consistently represented the most abundant individual fatty acid
(13-44%) across all treatments. The maximum accumulation of SFAs was observed at 70 g/L
salinity. The findings of this study demonstrate the significant influence of salinity and nutrient
regimes on the biomass and lipid characteristics of the Iranian D. salina isolate, suggesting its

potential as a promising feedstock for biofuel production.
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Introduction across various biotechnology research

Microalgae represent a promising domains. The inceasing global production
and abundant source of diverse biogenic of carbon dioxide, as represent by the
materials, attracting significant attention Intergovernmental Panel on Climate Change
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(IPCC)indicated that fossil fuel and industrial
CO: emissions averaged approximately 36
+ 2.9 GtCO: per year from 2010 to 2019,
reaching in around 38 + 3 GtCO: in 2019
(IPCC, 2022). More recent estimates from
the International Energy Agency (IEA)
indicate that energy-related CO: emissions
reached a record 37.4 GtCO: in 2023
and approximately 37.8 GtCO: in 2024
(IEA, 2024a; IEA, 2025), posing a critical
environmental challenge. Furthermore,
the absorption of approximately 30%
by

ocean waters leads to detrimental ocean

of anthropogenic carbon dioxide
acidification, with devastating consequences
for marine ecosystems, including coral reef
degradation and biodiversity loss (Mata et
al., 2010). In this context, biofuels derived
from renewable sources offer a compelling
alternative to fossil fuels due to their lower
environmental impact (Scragg et al., 2003;
Deora et al., 2023). Microalgae have the
potential to absorb approximately 513 tons
of CO2 per hectare per year, corresponding
to an annual yield of around 280 tons of
dry biomass per hectare, under optimal
solar conditions as reported by Bhola et al.
(2014). Given that flue gases contain CO2
concentrations ranging from 3% to 30%, a
critical factor for successful biofixation is
the precise selection of algae species capable
of thriving and efficiently absorbing CO, at
such elevated levels (Iglina et al., 2022).

The key factor governing the economic
viability of biodiesel production from
microalgae is the efficiency of lipid
2017).

While certain microalgal species exhibit

accumulation (Pacheco et al.,

high intracellular lipid content, their slow
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growth rates can result in overall low
lipid productivity (Chu, 2012). Notably,
the growth rate, biomass yield, and the
qualitative and quantitative composition of
fatty acids in microalgae are species-specific
and are also significantly modulated by
prevailing environmental conditions (Mata
et al., 2013; Rios et al., 2016; Pacheco et
al., 2017; Hopkins et al., 2019; Morales et
al., 2020). Some microalgal taxa are rich
in polyunsaturated fatty acids (PUFAs),
valuable for various applications, while
others accumulate significant amounts of
triglycerides, readily convertible to biofuel
(Bougaran et al., 2012). Enhancing the
overall efficiency of fatty acid production
necessitates optimizing both biomass
accumulation and cellular lipid content
(Mairet et al., 2011; Shokravi et al., 2020).
The genus Dunaliella comprises halotoler-
ant microalgae capable of thriving in high
salinity environments through sophisticated
physiological mechanisms involving glycer-
ol production and ion regulation (Thompson
Jr., 1996). Within this genus, species exhibit
considerable variability in lipid content and
biomass production in response to diverse
environmental cues (Hopkins et al., 2019).
Specifically, Dunaliella salina (Dunal)
Teodoresco is recognized as a promising
source for the production of various bioac-
tive compounds (Truc et al., 2017).

This study aimed to elucidate the combined
effects of varying salinity levels and nitrate
concentrations, as well as glucose supple-
mentation (to induce mixotrophic growth),
on the growth rate, biomass yield, total lipid
content, and fatty acid profile of Dunaliel-

la salina over a defined cultivation period.
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The findings of this research contribute to
a better understanding of the physiological
responses of this microalgal species to key
environmental factors relevant for optimiz-
ing its potential in biofuel and other biotech-

nological applications.

Material and methods
Microalgal strain and culture maintenance
The microalgal strain Dunaliella salina
(=Dunaliella bardawil) used in this study
was obtained from the culture collection of
Chabahar Maritime University, Iran. This
isolate was originally sourced from the
northern coast of the Oman Sea (Iranian
coast, Lipar region; pink lagoon) and iden-
tified through gene sequencing, with its se-
quence data deposited in GenBank under the
accession number JX524863. Stock cultures
were maintained axenically in F2 culture
medium (Guillard and Ryther, 1962) under
controlled laboratory conditions, including
a temperature of 25 + 1 °C, a light intensity
of 100 umol photons m s™! with a photope-
riod of 12:12 h light: dark, and continuous
aeration with filter-sterilized air.
Experimental design and culture conditions
This study employed a factorial experimen-
tal design to investigate the individual and
interactive effects of three salinity levels,
three nitrate concentrations, and three glu-
cose concentrations on the growth, biomass
yield, total lipid content, and fatty acid com-
position of D. salina. Each treatment com-
bination was conducted in triplicate over a
14-day cultivation period.
Three salinity levels were established by
adjusting the /2 culture medium to 35 g/L

(representing standard seawater salinity),
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70 g/L (two-fold seawater salinity), and 105
g/L (three-fold seawater salinity). Natural
sea salt sourced from the Oman Sea was uti-
lized to elevate the salinity of the base /2
medium. To examine the effects of nitrate
availability, sodium nitrate (NaNQOs) in the
f/2 culture medium was adjusted to 25%,
50%, and 100% of the standard protocol,
and these treatments were applied under
all salinity conditions. For the mixotrophic
growth conditions, glucose (CsHi20s) was
supplemented at concentrations of 1, 2, and
3 g/L to the culture medium at each salinity
level and nitrate concentration.

All microalgal cultures were maintained in
250 mL Erlenmeyer flasks under controlled
in vitro conditions, including a 12:12 h light:
dark photoperiod, a constant temperature of
24 + 1 °C, and continuous aeration with fil-
ter-sterilized air.

Statistical analyses were performed using
SPSS software. The normality of the data
was assessed using the Shapiro-Wilk test.
Significant differences between treatment
groups were determined using one-way and
two-way Analysis of Variance (ANOVA),
followed by Duncan’s post-hoc test for pair-
wise comparisons. A significance level of P
< 0.05 was used for all statistical analyses.
Assessment of Growth

Microalgal growth was monitored every 48
hours throughout the 14-day cultivation pe-
riod. This 14-day duration was chosen be-
cause the growth curve observed in the pre-
liminary assessment suggested that growth
would plateau after this point. For the exper-
imental setups, cultures were initiated by in-
oculating the stock culture at a 1:10 dilution.

This dilution ratio was adjusted according to
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the initial cell density of each treatment.

At each sampling time, aliquots were asepti-
cally withdrawn from the culture flasks and
initially assessed microscopically (Nikon
ECLIPSE 50i light microscope) to veri-
fy cell viability and overall culture health.
Subsequently, the samples were fixed with a
2% (w/v) Lugol’s iodine solution to immo-
bilize the cells for enumeration. Cell density
was determined using a Neubauer counting
chamber (Marienfeld GMBH and Co., Ger-
many) following standard hemocytometry
procedures. Cell counts were performed in
triplicate for each culture flask at each time
point, and the average cell density (cells/
mL) was calculated. During the exponen-
tial growth phase an increase in cell density,
from N, to N, can be utilized to determine
the specific growth rate (). The specific
growth rate is defined as below.

u(day ') =LnN—-Ln N/t —t,

N, represents the initial cell density at time
t,, and N, represents the cell density at a lat-
er time (Moheimani et al., 2013). Growth
curves were then generated by plotting cell
density against time.

Evaluation of biomass, total lipid content,
and fatty acid composition

Biomass determination

At the termination of the 14-day cultivation
period, biomass production was determined
gravimetrically. Aliquots of the microalgal
cultures were transferred to pre-weighed
(W:1) and centrifuged
at 4000 rpm for 15 minutes to pellet the

centrifuge tubes

cells. The resulting microalgal pellets were
washed twice with distilled water to remove
residual salts from the culture medium. The

centrifuge tubes containing the washed bio-
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mass were then transferred to a freeze dryer
(JFD 2L, JAL TEB, Iran) and lyophilized
at -30 °C for 24 hours to ensure complete
removal of moisture (Talebi et al., 2013).
Following lyophilization, the tubes were re-
weighed (W2), and the dry weight biomass
concentration (mg/L) was calculated by sub-
tracting the initial weight of the tube (W)
from the final weight (W:) and normalizing
to the volume of the initial culture sample.
Total lipid extraction

Total lipids were extracted from the freeze-
dried algal biomass using a modified Bligh
and Dyer method (Bligh and Dyer, 1959;
Nigam et al., 2011). Briefly, approximately
100 mg of lyophilized algal biomass was
transferred to a glass vial, and 3 mL of a
1:2 (v/v) methanol/chloroform solution was
added. The mixture was then agitated on
a magnetic stirrer at 25 °C for 18 hours to
facilitate lipid solubilization. Subsequently,
the mixture was centrifuged at 2000 rpm
for 3 minutes to separate the phases. The
chloroform layer, which contains the ex-
tracted lipids, was carefully transferred to
a pre-weighed glass test tube. The solvent
was then evaporated under a gentle stream
of nitrogen gas within a fume hood, and the
sample was dried in an oven at 80 °C for 2
hours to ensure complete solvent removal.
After drying, the test tubes containing the
total lipids were re-weighed, and the total
lipid content was expressed as a percentage
of the dry weight biomass.

Fatty acid methyl ester (FAME) preparation
and analysis

The fatty acid composition of the D. sali-
na biomass was determined using a direct

trans-esterification method to yield fatty
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acid methyl esters (FAMEs) (Talebi et al.,
2013). Briefly, approximately 8 mg of lyo-
philized algal biomass was placed in a glass
vial, and 300 pl of extract buffer was added.
The mixture was then incubated at 75 °C for
2 hours to facilitate the trans-esterification
reaction. Following incubation, 300 uL of a
0.9% (w/v) sodium chloride (NaCl) aqueous
solution and 300 pL of n-hexane were add-
ed to the mixture, and the resulting solution
was vigorously vortexed. The samples were
then centrifuged at 5000 rpm at 20 °C for
3 minutes to achieve phase separation. The
upper hexane layer, containing the extracted
FAMEs, was carefully transferred to a clean
gas chromatography (GC) vial for analysis.
FAME analysis was performed using a
Shimadzu GC-2014 gas chromatograph
equipped with a flame ionization detector
(FID) and a BPX70 capillary column (25 m
% 0.22 mm internal diameter, 0.25 pm film
thickness). Nitrogen was used as the carrier
gas at a constant flow rate of 1.0 mL/min.
Fatty acid methyl esters were identified by
comparing their retention times to those of
a commercially available fatty acid methyl
ester standard (FAMQ-005, Accu Standard,
USA). The relative abundance of each fatty
acid was expressed as a percentage of the
total identified fatty acids.

Results
Growth rate analysis

Figure 1 illustrates the growth curves of
Dunaliella salina cultivated at three salinity
levels (35, 70, and 105 g/L) under varying
nitrate and glucose concentrations over a
14-day culture period. At the lowest salinity
of 35 g/L (Fig. 1A), the highest cell density
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(6.42 x 10° cells/mL) was observed in cul-
tures supplemented with 3 g/L. glucose, sur-
passing those with lower glucose concentra-
tions. A notable increase in cell density was
observed after 4 days of cultivation across
all nutrient treatments at this salinity. At 70
g/L salinity (Fig. 1B), the maximum cell
density achieved was 6.49 x 10° cells/mL in
the culture containing 2 g/L. glucose on day
8. Furthermore, at this salinity, no statisti-
cally significant differences (P > 0.05) were
observed in the maximum cell densities
achieved across the different nitrate concen-
trations when glucose was held constant. In
contrast, growth was significantly inhibited
at the highest salinity of 105 g/L (Figure 1C).
The maximum cell density observed at this
salinity level (1.54 x 10° cells/mL) was re-
corded in the treatment that included 1 mg/L
nitrate. Notably, at a concentration of 105
g/L, the addition of glucose did not signifi-
cantly alter cell density when compared to
cultures with varying nitrate concentrations.
Moreover, microalgal growth was minimal
during the initial 4 days of cultivation at this
high salinity, followed by a gradual increase
in cell density.

Biomass production

The highest biomass yield (1449 mg/L)
across all treatments was observed at a sa-
linity of 35 g/L in the mixotrophic cultures
supplemented with 3 g/L glucose. However,
the average biomass production across all
nutrient treatments was higher at a salinity
of 70 g/L compared to both 35 g/L and 105
g/L (Fig. 2). At 70 g/L, the maximum bio-
mass yield (1150 mg/L) was achieved with
1 g/L glucose supplementation. In contrast,

biomass production was significantly re-
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Fig. 1 Growth rate of D. salina at salinities; (A) 35 g/L, (B) 70 g/L, and
(C) 105 g/l affected by nutrients
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Fig. 2. Biomass yield (mg/L) of D. salina after 14 days of cultivation under varying
salinity and nutrient concentrations; (Similar letters indicate no significant
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duced at the highest salinity of 105 g/L.
Two-way ANOVA revealed a statistically
significant effect of both nutrient composi-
tion and salinity on the biomass yield of D.
salina. Furthermore, a significant interaction
between nutrient composition and salinity
was observed, indicating that the effect of
nutrients on biomass yield varied depending
on the salinity level (Supp. Table 1)

The average biomass yield at 70 g/L (912.5
mg/L) was notably higher than at 35 g/L
(638 mg/L) and 105 g/L (191 mg/L). While
a slight decrease in biomass was observed
with decreasing nitrate concentrations (Fig.
3), this trend was not statistically significant
(P > 0.05). Conversely, in cultures supple-
mented with glucose, biomass yield in-
creased from an average of 616 mg/L at 1
g/L glucose to 825 mg/L at 3 g/L. glucose.
This increase was statistically significant
only at the 3 g/L glucose concentration (P
<0.05).

One-way ANOVA further elucidated the ef-
fect of glucose at each salinity level. At 35
g/L, biomass production varied significantly
with different glucose concentrations (P =
0), with the highest average biomass (1449
mg/L) observed at 3 g/L glucose (supp. Table
1). At 70 g/L, the average biomass produced

in glucose-supplemented treatments (1044

mg/L) did not differ significantly (P > 0.05)
from the average biomass produced in treat-
ments with varying nitrate concentrations
(785 mg/L), suggesting that nutrient chang-
es had a minimal impact on biomass yield
at this salinity. At 105 g/L, a significant dif-
ference in biomass production was observed
between nitrate and glucose treatments (P =
0). The highest biomass yield (278 mg/L)
at this salinity was achieved with 1 g/L glu-
cose. Furthermore, when comparing only
the glucose-supplemented treatments at 105
g/L, significant differences in mean biomass
production were found (P <0.05), indicating
that glucose concentration did influence bio-
mass yield at this high salinity.

Total Lipid Content

The percentage of total lipid content based
on the dry weight of D. salina biomass un-
der different salinity and nutrient treatments
is presented in Table 1. . The highest rate of
total lipid (26.17%) was observed at a salin-
ity of 70 g/L in cultures supplemented with
3 g/L glucose. Conversely, the lowest lipid
percentage (16.77%) was recorded at a sa-
linity of 35 g/L with 50% nitrate. Notably,
the total lipid content was not determined
for glucose-supplemented cultures at the
highest salinity (105 g/L) due to the limited

biomass yield obtained under these condi-

Table 1. Average lipid level (%) of D. salina in different culture conditions

o 100% 50% 25%

Salinity NaNO- . . 1g glucose  2g glucose 3g glucose
35(ppt)* 2.56+19.03 2.53+16.73  3.2+20.4 2.7+18.07 1.4£17.63 3.8422.67
70(ppt)®  3.19+22.67 1.9+26 3+19.93 344244 292427 1.6%26.17
105(ppt)®  0.6+24.43 2425 2.09+22.07 - - -

a, b indicates a significant difference in different salinities (Duncan test)
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tions.

The results of two-way ANOVA indicated
a statistically significant effect of salinity
on the percentage of lipid dry weight (P<
0.001). In contrast, the impact of different
nutrient concentrations on the mean lipid
percentages was not statistically significant
(P > 0.05), suggesting that the tested nutri-
ent variations did not significantly alter the
overall percentage of lipid within the bio-
mass. However, the total lipid produced per
liter of culture medium exhibited consider-
able variation across different nutrient and
salinity treatments, as represented in Figure
3.

Two-way ANOVA revealed a statistically
significant effect of both salinity and nutri-
ent levels on the total lipid produced per li-
ter of culture medium (P < 0.05). Duncan’s
post-hoc analysis further indicated signifi-
cant differences in the mean total lipid pro-
duction across all three tested salinity levels.
Conversely, no statistically significant dif-
ferences were observed in the mean total lip-
id production in response to varying nitrate

concentrations (P > 0.05). A statistically
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® salinity 35 ® salinity 70

350.00

300.00

bd bd

ad cd
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significant interaction between salinity and
nutrient levels (P < 0.001) suggests that the
effect of nutrients on total lipid production
was dependent on the salinity. Furthermore,
treatments supplemented with different glu-
cose concentrations showed significant dif-
ferences in mean total lipid production (P <
0.05), specifically between the 3 g/L glucose
treatment and the 1 g/L and 2 g/L glucose
treatments.

Fatty acid profile

Gas chromatography-flame ionization detec-
tor (GC-FID) analysis identified 17 distinct
fatty acids in the Dunaliella salina biomass
across the various treatment conditions. The
relative abundance of these fatty acids varied
significantly with both salinity and nutrient
availability. Notably, the proportion of stea-
ridonic acid (SDA, C18:4n-3) at a salinity of
35 g/L was substantially higher compared to
the levels observed at 70 g/L. and 105 g/L.
A significant inverse correlation was found
between salinity and SDA content, with
increasing salinity leading to a marked de-
crease in SDA. Furthermore, at 35 g/L sa-
linity, the addition of glucose to the culture

f
b
i

3 g glocose

salinity 105

t_;\_e
be
ae I

1gglocose 2 gglocose

Fig. 3. Lipid production (mg/L) in D. salina culture; a, b, c represents the effect of salinity;

d, e, frepresents the effect of nutrients
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medium resulted in a significant reduction in
the relative abundance of SDA within the to-
tal fatty acid pool.

The specific composition and relative quan-
tities of each identified fatty acid at salinities
of 35 g/L, 70 g/L, and 105 g/L are present-
ed in Tables 2, 3, and 4, respectively. These
Tables provide a comprehensive overview of
the impact that various nutrient regimes (ni-
trate and glucose concentrations) influenced
the fatty acid profiles at each designated sa-
linity level.

The Shapiro-Wilk test confirmed the nor-
mality of the saturated fatty acid (SFA) data

across the 15 treatment groups and 45 repli-

cates (P > 0.05). Duncan’s post-hoc analysis
revealed a statistically significant difference
in the mean SFA content at a salinity of 70
g/L compared to both 35 g/L and 105 g/L (P
< 0.05). Specifically, the proportion of SFAs
was significantly higher at 70 g/L salinity
than at the other two salinity levels, while
no significant difference in SFA content
was observed between the 35 g/L and 105
g/L salinity conditions. Regarding glucose
supplementation, the treatments containing
1 g/l and 2 g/L glucose exhibited a higher
percentage of SFAs. However, increasing
the glucose concentration to 3 g/L resulted

in a statistically significant reduction in the

Table 2. Fatty acid composition of 1. salina cultivated at a salinity of 35 under various nutrient conditions

Fatty acids 100% NaNO3 50% NaNO;  25% NaNO; lg /L 2g /L glucose 3g/L
glucose glucose
Dodecanoic (C12:0) 1.06+0.58 1.89+0.78 1.31+£0.38 0.94+0.39 2.68+0.38 0.60+0.19
Tetradecanoic (C14:0) 0.94+0.53 1.33+0.84 1.43+0.81 8.61+0.66 15.79+1.0 4.2+4.94
pentadecanoic (C15) 1.18+0.39 1.75=0.70 1.53+0.79 0.85£0.59  3.54x4.16 0.4320.18
Hexadecanoic (C16:0) 25.99+1.30 26.44+1.1 29.5+.54 26.6£5.79  34%2.60 26.33+£3.45
Palmitoleic (C16:1) 4.44+0.50 6.27+0.30 4.4242.76 2.96+0.88 10.3+1.34 6.92+0.27
Octadecanoic (C18:0) 17.49+2.30 23.23£1.0 20.85+1.5 23.07+6.5 12.49+0.7 9.76+0.98
Octadecenoic (C18:1) 5.25+2.90 1.13+1.01 2.09+0.22 2824153  4.29+0.51 9.70+8.42
Linoleic (C18:2) 12.04+0.75 7.81x0.02 5.23x0.05 8.51+0.76 5.03+0.25 10.58+3.46
Linolenic (C18:3) 0.31x0.54 0.22+0.20 0.22+0.20 .64=0.35 6.10£5.58 16.77£5.42
Stearidonic (C18:4) 22.99+1.42 23.77£0.01 22.78=0.4 16.00+1.2 0.24+0.24 0
Eicosanoic (C20:0) 0.10+0.09 0.05=0 0.04+0.04 0.79+1.38 1.20x1.24 0.24%0.35
Eicosenoic (C20:1) 3.23x1.05 3.23+0.34 243035 1.92+1.72 1.10£0.11 1.20+0.29
Eicosatrienoic (C20:4) 1.54+0.18 0 1.01+0.90 1.67+1.42 0 9.10+6.62
Ecisoapentanoic(C20:5 0 0.78+0.69 0 0 0 0
Behenic (C22:0) 0.08+0.07 0 0.11+0.10 0 0 0.08+0.15
Docosanoic (C22:1) 3.19+0.35 1.99+0.77 6.85+0.46 4.53+1.12 3.12+0.51 3.11+0.81
Docosatetraenoic(C22:4) 0.15=0.13 0.11=0.10 0.15+0.13 0.07£0.11 0 1.72£0.99
SFA 46.76 55.47 54.73 73.52 69.80 41.56
USFA 53.24 44.53 4527 39.11 30.20 58.44
MUFA 23.02 10.63 9.04 7.69 15.71 17.90
PUFA 40.21 33.90 36.23 31.42 14.49 40.54
SFA/USFA ratio 0.88 1.25 1.21 1.56 2.31 0.71
Degree of unsaturation 94.45 78.43 81.51 70.54 44.69 98.98

(DU)
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Table 3. [). salina faity acid composition at salinity 70g/L and different nutrients

Fatty acids 100% 50% 25% lg/L g/l 3g/L
NaNO3 NaNO3 NaNO3 glucose glucose  glucose
Dodecanoic (C12:0) 1.4840.39  1.2+0.14 40.1£0.30 0714032  094+032 1.7740.40
Tetradecanoic (C14:0) 11.31+2.54 10.39+1.69 8.64£1.99 2031+421 233+12.9]1 5.01+3.12
pentadecanoic (C15) 0.97£0.15 1962021 89.1=0.20 1.06x0.15 0.72£0.25 1.29+0.37
Hexadecanoic (C16:0) 44252043 27542005 27.74£5.18 24 38=0.76 13.34£3.37 36.16=5.28
Palmitoleic (C16:1) 1.04+£0.62 283108 3.06+£0.62 208£098 3258273 6.17+1
Octadecanoic (C18:0) 22.63+6.95 19.62+1.21 18.74+538 20.86:£6.94 18362417 12.25+11
Octadecenoic (C18:1) 5.87+4.01 3412026 6.67#4.22 2.75+0.11 2.57+1.90 2.17+£2.07
Linoleic (C18:2) 11.12£2.48 12.14=045 13832423 489+003 6.19£2.78 923347
Linolenic (C18:3) 11.16£9.72  17.62+1.06 13.04+4.53 6,684 81 6.07£3.91  20.13=045
Stearidonic (C18:4) 0 0.11£0.11 0 0 0 0.16+0.05
Eicosanoic (C20:0) 0 0.7£0.7 0.1£0.97 0 0.77£0.83  1.01x0.97
Eicosenoic (C20:1) 1.08+0.98 0.98:£0.04 0.8740.2 2.2+1.66 1.11£0.38  1.5140.11
Eicosatrienoic (C20:4) 0.8+0.75 0 0 0 0.10.09 0
Ecisoapentanoic(C20:5 0 0 0 0 V] 0
Behenic (C22:0) 0 0 0 0 0 0.05+0.05
Docosanoic (C22:1) 3274005 1.87+1.21 2.75%0.15 3.2+081 4.81£1.51 2424239
Docosatetraenoic(C22:4) 0.11£0.12 0 026025 0 0.15£0.14  0.22+0.04
SFA 64.83 4942 68.27 68.27 40.66 54.44
USFA 3517 45.82 19.22 19.93 19.83 42.06
MUFA 8.71 3931 28.44 12.09 43.26 9.91
PUFA 26.46 11.27 22 8.81 5.4 32.15
SFA/USFA ratio 1.84 1.08 355 347 2.05 1.29
(DU) 61.64 61.85 32.83 29.71 54.07 7421

Table 4. D. salina fatty acid composition at salinity 105 g/L and different

nutrients

Fatty acids 100% NaNOs  50% NaNOs;  25% NaNOs
Dodecanoic (C12:0) 1.92+0.54 1.29+0.53 1.04:+0.85
Tetradecanoic (C14:0) 6.59+3.73 1.81+0.24 2.54£1.37
pentadecanoic (C15) 24047 0.96+0.42 0.70+0.44
Hexadecanoic (C16:0) 44.83+8.90 35.31+0.66 33.66+5.21
Palmitoleic (C16:1) 4.34+1.32 4.16+0.05 3.91+0.44
Octadecanoic (C18:0) 10.56+1.28 9.38+1.80 7.61+£3.73
Octadecenoic (C18:1) 3.7543.86 4.22+0.34 14.31+£8.47
Linoleic (C18:2) 11.82+9 28 28.36+2.45 25.13£3.13
Linolenic (C18:3) 6.70+6.39 6.44+7 33 6.08+5.06
Stearidonic (C18:4) 0 0.08+0.01 0.13+0.04
Eicosanoic (C20:0) 0 0.26+0.30 0.02+0.02
Eicosenoic (C20:1) 2.50+0.94 2.09+0.27 2.07+0.07
Eicosatrienoic (C20:4) 0.07+0.07 0 0.09+0.08
Ecisoapentanoic(C20:5  0.09+0.09 0 0.080.05_
Behenic (C22:0) 0 0.08+0.07 0.13+0.03
Docosanoic (C22:1) 4.69+2.22 5.31+0.89 2.26£1.8
Docosatetraenoic(C22:4) 0.15£0.15 0.26:0.01 0.24+0.07
SFA 65.98 49 45.65
USFA 31.51 51 54.35
MUFA 10.59 10.55 20.42
PUFA 33.93 40.45 33.93
SFA/USFA ratio 2.09 0.96 0.84

(DU) 78.45 91.45 88.28
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percentage of SFAs (P < 0.05). The mean
percentage of monounsaturated fatty acids
(MUFA) exhibited statistically significant
differences across the tested salinity levels (P
< 0.05). However, no significant differenc-
es in the mean MUFA percentage were ob-
served in response to varying nutrient levels
(P > 0.05). In contrast to MUFA, the mean
percentage of polyunsaturated fatty acids
(PUFA) did not show statistically significant
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differences across all salinity levels and nu-
trient conditions (P > 0.05). While the aver-
age percentage of PUFA fatty acids was not
significantly different across the three salini-
ty levels (P> 0.05), changes in nutrient avail-
ability did appear to influence PUFA content
(Figure 4). Generally, the proportion of un-
saturated fatty acids (USFA), including both
MUFA and PUFA, decreased in glucose-sup-
plemented cultures at all tested salinities.
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Fig. 4. USFA, SFA, MUFA, PUFA percentage of total fatty acids in D. salina
under different treatment conditions, a, b. show the effect of salinity and ¢, d, f;

Nutrient. Similar letters indicate no significant difference in mean percentage
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Discussion
Effect of salinity on growth and biomass
production

The response of microalgae to salinity
fluctuations is species-specific, and within
the genus Dunaliella, varying growth rates
have been documented across a range of
salinities (Borowitzka and Siva, 2007). No-
tably, Dunaliella species are generally rec-
ognized for their capacity to tolerate high
salinity environments (Figure 1). In this
study, the highest average biomass yield was
observed at a salinity of 70 g/L (P < 0.05).
However, the absolute maximum biomass
(1449 mg/L) was achieved at 35 g/L in the
treatment supplemented with 3 g/L glucose
(Fig. 2). Numerous studies have investigat-
ed the influence of salinity on the growth
rate and biomass accumulation of Dunaliel-
la species (Chen et al., 2009; Takagi and
Yoshida, 2006; Vo and Tran, 2014; Vo et al.,
2017). Chen et al. (2009) reported an op-
timal salinity range of 1-2 M NaCl for the
growth of D. salina, with significant growth
inhibition at higher salinities. Conversely,
Abu-Rezq et al. (2010) observed increased
growth in D. salina with salinity elevation
from 25 ppt to 45 ppt. Takagi and Yoshida
(2006) found that D. tertiolecta experienced
a sharp decline in biomass when salinity in-
creased from 1 M to 2 M, but a less pro-
nounced reduction occurred between 0.5 M
and 1 M. Can et al. (2016) demonstrated that
the optimal growth and biomass of D. salina
were achieved at approximately 2 M NaCl,
with a substantial decrease beyond this con-
centration. The high salinity tolerance of
Dunaliella is a well-established character-

istic (Borowitzka et al., 1977; Peeler et al.,

72

1989). However, further increases beyond
an optimum can significantly impede bio-
mass accumulation (Takagi and Yoshida,
20006).

In the present study, the increase in mean
biomass production of D. salina when sa-
linity was elevated from 35 g/L to 70 g/L
aligns with the salt-tolerant nature of this
microalga (Abu-Rezq et al., 2010; Peeler et
al., 1989). This suggests that for the specific
D. salina isolate used, 70 g/L may represent
a more favorable salinity range for overall
biomass production compared to standard
seawater salinity. However, the highest in-
dividual biomass yield at 35 g/L under mix-
otrophic conditions indicates a potential in-
teraction between salinity and carbon source
availability in maximizing biomass.

Effect of nitrate and glucose on growth
andbbiomass production

Nitrogen is a crucial macronutrient for the
growth of all photosynthetic organisms,
including microalgae. In this study, nitrate
was employed as the nitrogen source at three
concentrations: 100%, 50%, and 25% of the
standard /2 medium. Our findings indicated
that varying nitrate concentrations did not
exert a statistically significant effect on the
final biomass yield of D. salina. This sug-
gests that within the tested range, nitrogen
availability may not have been the primary
limiting factor for growth. Jiménez and Niell
(1991) proposed that at certain concentra-
tions, increased nitrogen availability might
not directly translate to accelerated cell di-
vision due to limitations in the algal nitro-
gen uptake rate. Similarly, our results imply
that the D. salina strain under these condi-

tions may not have exhibited a proportional
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increase in nitrogen uptake with increasing
nitrate concentrations.

Gao et al. (2013) reported that nitrogen defi-
ciency in the culture medium led to reduced
biomass in Chlorella muelleri and D. salina,
showing a less pronounced response to ni-
trogen limitation compared to C. muelleri.
Given the lack of significant difference in
biomass production across the tested nitrate
concentrations in our study, it can be inferred
that a concentration as low as 25% nitrate
may adequately meet the nitrogen require-
ments of this Iranian D. salina strain over a
14-day cultivation period. This observation
has significant implications for cost-effec-
tive nutrient management in large-scale mi-
croalgal cultivation.

In addition to inorganic nutrients, the role
of carbon sources is critical for microalgal
growth. While autotrophic growth relies on
CO: as the primary carbon source, numerous
studies, including Liu (2014), have demon-
strated that incorporating of glucose as an
organic carbon source can significantly en-
hance biomass and lipid production through
mixotrophic or heterotrophic metabolism.
Microalgae utilize light energy for growth
under phototrophic conditions, and subopti-
mal lighting can limit growth rates. Under
heterotrophic conditions (absence of light),
a suitable organic carbon source like glu-
cose becomes essential for achieving high
biomass yields (Isleten-Hosoglu et al., 2012;
Perez-Garcia et al., 2011). Glucose has been
frequently identified as a preferred organic
carbon source for various microalgae (Is-
leten-Hosoglu et al., 2012; Perez-Garcia et
al., 2011).

Mixotrophic cultivation, which enables mi-
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croalgae to simultaneously utilize light and
organic carbon sources, is often more effi-
cient in terms of biomass production com-
pared to purely phototrophic or heterotro-
phic modes (Heredia-Arroyo et al., 2011).
The ATP generated during photosynthetic
processes can also enhance glucose metab-
olism and be reused in CO: fixation, leading
to synergistic effects (Heredia-Arroyo et al.,
2011; Lietal.,2014; Xu et al., 2004). Wan et
al. (2011) observed the highest biomass and
growth rate in D. salina under mixotrophic
conditions with 15 g/L glucose supplemen-
tation. Similarly, Chandra et al. (2014) re-
ported increased biomass production in a
mixed microalgal culture with glucose addi-
tion. Our study also demonstrated that D. sa-
lina at different salinities exhibited varying
responses to glucose supplementation (Fig.
4). At 35 g/L salinity, increasing glucose
concentrations led to a significant increase
in biomass, with the highest biomass yield
(almost a three-fold increase) observed at 3
g/L glucose. However, this positive effect
of glucose was less pronounced or absent at
higher salinities (70 g/L and 105 g/L). This
differential response could be attributed to
the physiological adaptations of D. salina to
increasing salinity, potentially affecting its
ability to efficiently utilize exogenous glu-
cose under high salt stress.

Lipid production

Microalgal lipid content exhibits significant
variability, ranging from 1% to 85% of their
dry weight, and is known to be influenced
by environmental conditions (Chisti, 2007).
Our findings demonstrate that in vitro ma-
nipulation of salinity and nutrient availabili-

ty significantly impacted both the total lipid
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content and the lipid production efficiency
of D. salina (Fig. 3). The total lipid content
in D. salina biomass across all treatments
in this study ranged from 16.7% to 26.1%,
which aligns with a previously reported val-
ue of 21.26% for this strain (Attaran Fari-
man, 2014). These values are within the
broader range reported for other microal-
gae, such as 30% for some species (Fried et
al., 1982) and 8% for others (Vanitha et al.,
2007).

Studies by Azachi et al. (2002) and Takagi
and Yoshida (2006) on D. salina indicated
that increasing salinity from 0.5 M to 3.5
M led to an increase in total lipid content.
In the present study, while elevated salini-
ty generally increased the lipid percentage
in D. salina, lipid biodegradation efficiency
appeared to decline at salinities exceeding
70 g/L. Notably, changes in nutrient con-
centrations (glucose and nitrogen) did not
significantly affect the overall percentage of
lipid in D. salina biomass. The highest lipid
percentage (26.17%) was observed at 70 g/L
salinity with 3 g/L glucose, while the lowest
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(16%) occurred at 35 g/L with 0.05 g/L ni-
trate. This observation contrasts with Gu et
al. (2012), who reported that while increased
salinity enhanced the lipid percentage in
Nannochloropsis oculata, the optimal oil
production efficiency was achieved at lower
salinity due to higher biomass yields. Con-
sistent with Gu et al.’s (2012) findings, our
study also showed that despite higher lipid
percentages at higher salinities, the best lip-
id production efficiency was obtained at 35
g/L with 3 g/L glucose due to the significant-
ly higher biomass accumulation under these
conditions.

Nitrogen deficiency is known to inhib-
it protein synthesis in microalgae (Quigg
and Beardall, 2003), while photosynthetic
activity may persist. Consequently, the en-
ergy generated from photosynthesis can be
redirected towards the synthesis of carbo-
hydrates or lipids, depending on the algal
species (Gao et al., 2013). In our study, re-
ducing the nitrate level in the culture medi-
um did not significantly increase the total

lipid percentage (Table 4). This is consistent

m normal condotion
B 1g glocose/L
2g glocose/L

W 3g glocose/L

salinity70 salinity 105

Fig. 5. The effect of different concentrations of glucose on the biomass of D.salina
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with some research indicating no signifi-
cant change in lipid percentage in certain
Dunaliella species, such as D. primolec-
ta (Uriarte et al., 1993) and D. tertiolecta
(Lombardi and Wangersky, 1995), under
nitrogen-limited conditions. Gordillo et al.
(1998) found that Dunaliella viridis only
increased lipid content during nitrogen de-
ficiency when supplemented with 1% COs-,
suggesting the importance of the carbon to
nitrogen ratio in lipid accumulation under
nitrogen stress.

While some studies suggest that mixotrop-
hic conditions can enhance both biomass
and lipid content (Xu et al., 2004), others
report increased lipid percentage under pho-
totrophic conditions (Cheirsilp and Torpee,
2012), or no significant difference in intra-
cellular lipid content across different trophic
modes (Heredia-Arroyo et al., 2010). In our
study, different glucose concentrations did
not significantly affect the lipid percentage
in D. salina, but the overall lipid production
was enhanced due to increased biomass at
higher glucose concentrations (especially at
35 g/L salinity). This aligns with reports of
increased lipid production in D. salina under
mixotrophic conditions (Wan et al., 2011).
Tables 1-4 provide further comparative data
on lipid production in different microalgae,
including D. salina, under mixotrophic con-
ditions.

Fatty acid composition and bBiofuel poten-
tial

The fatty acid composition of microalgae is
influenced by various factors, including spe-
cies, temperature, growth phase, light inten-
sity, and nutrient availability. In this study,

palmitic acid (C16:0) was the most abun-
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dant fatty acid in D. salina across all three
tested salinities (Tables 2-4). Increasing sa-
linity led to an increase in the proportion of
palmitic acid, as well as the unsaturated fat-
ty acids linoleic acid (C18:2) and linolenic
acid (C18:3). This observation is partially
consistent with Takagi and Yoshida (2006),
who noted that most fatty acids in Dunaliel-
la are composed of unsaturated C18 and
saturated C16 fatty acids. However, Vanitha
et al. (2007) reported C22 and C18:2 as the
most abundant fatty acids in D. salina vari-
ants, highlighting potential strain-specific
variations.

For biodiesel production, a higher content
of saturated fatty acids (SFAs) and monoun-
saturated fatty acids (MUFAs), and a lower
content of polyunsaturated fatty acids (PU-
FAs), is generally preferred for better fuel
quality, particularly oxidative stability (Li
et al., 2013). Deyab (2021) found increased
SFAs in D. salina under nitrogen deficien-
cy, while Chen et al. (2011) reported simi-
lar SFA and USFA profiles in D. tertiolecta
with and without nitrate. Our study showed
that changes in nitrate levels did influence
the proportion of saturated and unsaturated
fatty acids, with reduced nitrate leading to a
decrease in the percentage of SFAs. Howev-
er, very low nitrate concentrations (50% and
25%) resulted in similar SFA levels.
Overall, the D. salina strain isolated from
Iran’s southeast coast, with its total lipid
content and significant proportions of SFAs
(43.03% to 59.62%) and PUFAs (32.5% to
40.76%), demonstrates considerable po-
tential for biofuel production. Notably, the
observed changes in the proportions of satu-

rated and unsaturated fatty acids in response
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to varying salinity concentrations suggest
that the lipid profile of this microalga can be
tailored to suit different climatic conditions,
with higher SFA content potentially advan-
tageous in hot climates and higher USFA
content in cold regions due to their lower

freezing points.

Conclusion

This study demonstrated that salinity
significantly affects the growth and lipid ac-
cumulation of an Iranian D. salina isolate,
with optimal average biomass at 70 g/L but
maximum yield under glucose supplementa-
tion at 35 g/L. While nitrate levels were not
limiting, glucose enhanced biomass at lower
salinity, highlighting the benefit of mixo-
trophic cultivation. Higher salinity generally
increased lipid content, but maximum lipid
production was linked to higher biomass at
35 g/L with glucose. Palmitic acid was the
dominant fatty acid, and salinity influenced
the proportions of saturated and unsaturated
fatty acids, suggesting potential for biofuel
production with a modifiable lipid profile.
This research highlights the importance of
optimizing salinity levels and exploring
mixotrophic approaches to maximize bio-
mass and lipid production in this D. salina
isolate for biotechnological applications,
particularly in biofuel production. Future
work should focus on scaling up and assess-

ing economic feasibility.
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