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INTRODUCTION
The halotolerant unicellular microalga Dunaliella salina has been known 
as considerable natural source of the antioxidants, β-carotene, and the 
lipophilic high-value compound.1 Carotenoids have been used in various 
body-cares, cosmetic and pharmaceutical products.2,3 The therapeutic  
applications of β-carotene such as preventive agent in anti-cancer therapy  
regimes are considerable because of its fascinating protective potential 
against oxygen free radicals.4 Moreover, it has been commercialized as 
food additives including vitamins and antioxidants.5 Under appropriate 
growth conditions, the growth trends of microalgal cells and β-carotene 
production continue normally, but some inappropriate environmental  
conditions, such as increased light intensity,6 high salt concentrations,7,8  
nitrogen starvation,9 higher temperatures10 and more importantly,  
different nutrients limitation,11, 12 cause biochemical and morphological 
changes in the microalgal cells. Having a dynamic cell physiology, D. salina  
cells, show a persistent strategy, and tend to accumulate lipids, pigments 
and β-carotene in this nutrient depletion conditions.13 
Culture medium determines the nutritional and chemical environment 
of microorganisms during cultivation.14 Hence, investigation regarding  
the physiologic and metabolic changes in the microalgal cells, their 
growth pattern and also their composition during nutrient limitation in 
culture medium is of importance. The obtained data could be employed 
to increase the growth rates and also improve the β-carotene production 
process. 

Some researchers have reported effects of nitrogen starvation on cell  
physiology, β-carotene and fatty acid metabolism.12,15 Nevertheless,  
sulfur, iron and manganese are considered as major macro- and micro-
nutrients which play a critical role during β-carotene biosynthesis in 
different metabolic pathways. Also their exact contribution in D. salina 
growth and β-carotene process has not been studied yet. 
Sulfur is regarded as an essential parameter which plays a critical role  
in the electron transport chain, lipid metabolism and also protein  
biosynthesis.16 It has been proven that sulfate limitation decreases the cell 
volume, growth rates and also the photosynthetic activity. Nevertheless, 
the chlorophyll and protein levels remained unchanged.17 On the other  
hand, the sulfate deprivation, might cause an elevation in the total  
pigment content in D. salina.18 Iron is an essential required factor for 
most living organisms and also is known as a cofactor in main cellular 
processes such as DNA biosynthesis, photosynthesis and respiration.19 
Efficacy of adding the mineral composition such as iron to the basic 
growth medium, was also investigated.20 Furthermore, manganese as a  
micronutrient can significantly impact the cellular metabolism in  
Dunaliella tertiolecta.21 Although, manganese deprivation has not 
changed significantly the lipid content in D. tertiolecta cells.11 But, it is 
quite worthy to study its impacts on growth rate and β-carotene production 
in D. salina.
This study explores the effects of sulfur, iron and manganese starvation, 
on growth and β-carotene biosynthesis in a naturally isolated strain of 
D. salina. The results were compared to the basic culture conditions. 
Besides, the fatty acid profile of the naturally isolated strain was also  
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ABSTRACT
Objective: Microalgal pharmaceutical biotechnology is mainly dependent 
on the biomass yield and also the final concentration of the obtained lipids. 
β-carotene is one of the most precious nutraceuticals, of both preventive 
and therapeutics importance in pharmacy and medicine. Dunaliella salina 
is known as famous β-carotene producer which could accumulate the 
β-carotene up to 10% of its dry cell weights. The amount of different macro 
and micronutrients in D. salina culture medium defines its productivity and 
β-carotene content. Methods: In this study, the effects of sulfur, iron and 
manganese deprivation, on cell growth and β-carotene biosynthesis in a 
naturally isolated strain of D. salina was examined. Besides, the fatty acid 
profile of the naturally isolated strain was also investigated. Results: Sulfur, 
iron and manganese deprivation caused a noticeable decrease in the cell 
growth of D. salina. On the other hand, in nutrient depleted media, the 
maximum β-carotene concentration was significantly improved (14.616 mg 
L-1 in sulfur starvation, 14.994 mg L-1 in iron starvation and 10.119 mg L-1 in 
manganese starvation media) compared with initial values (6.753 mg L-1) 
in basic culture medium. The obtained fatty acids from the studied micro-
algal strain found to be some important saturated, monounsaturated and 
polyunsaturated fatty acids. Conclusion: Owing to its significant growth 

rate, β-carotene contents and fatty acid profile; the naturally isolated micro-
algal strain could be exploited as a potential producer strain. Besides, the 
nutrient limitation strategy could be effectively employed to improve the 
β-carotene production procedure in D. salina.
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Figure 1: Effect of sulfur, iron and manganese nutrient deficiency on growth 
trend of D. salina during 10 days of starvation experiment.

Figure 2: Effect of sulfur, iron and manganese nutrient deficiency on 
β-carotene concentration (mg L -1 ) in D. salina during 10 days of starva-
tion experiment. The presented data are the mean values for three different 
experiments with error bars.

Table 1: Effects of three distinct nutrient depletion media on the final β-carotene concentration (mg L-1) in D. salina culture

β-carotene concentration (mg L-1)

97531Growth time (days)

6.7535.8713.5783.2792.948Basic culture medium

14.61612.7763.8803.4422.948Sulfur starvation

14.99413.1045.5693.6542.948Iron starvation

10.1198.7233.6163.4112.948Manganese starvation

Table 2: Fatty acid composition of Dunaliella salina with IUPAC and common names, formula and 
family type

IUPAC name Common name Formula Type

Hexanoic acid Caproic acid C6H12O2 SFA*

3-Hexenoic acid C6H10O2 MUFA

Octanoic acid Caprylic acid C8H16O2 SFA

Methyl decanoate Methyl caprinate C11H22O2 FAME

Dodecanoic acid Lauric acid C12H24O2 SFA

Tetradecanoic acid Myristic acid C14H28O2 SFA

Methyl tetradecanoate C15H30O2 FAME

Octadecanoic acid Stearic acid C18H36O2 SFA

6-Octadecenoic acid Petroselinic acid C18H34O2 MUFA

9,12-Octadecadienoic acid Linoleic acid C18H32O2 PUFA

Tetracosanoic acid Lignoceric acid C24H48O2 SFA
*SFA = saturated fatty acid, MUFA = mono unsaturated fatty acid, PUFA = poly unsaturated fatty acid, FAME = 
fatty acid methyl ester.

determined to assess its potential to be employed as an industrial  
biodiesel producer.

MATERIALS AND METHODS

Algal source and culture conditions
The microalga Dunaliella salina was isolated from the Maharlu Salt Lake  
located in southeast of Shiraz, Fars province, Iran. The samples of  
microalgae were collected in sterile bottles and then were transferred to 
the laboratory. The isolated unialgal culture was gained by sub culturing  
the alga in a fresh Johnson medium (pH 7.5) with 12% salinity.22 More-
over, the microscopic analysis and identification of the cells were done 
on colonies grown on solid Johnson medium using previously described  
methods.23 The ribosomal 18S rRNA gene sequencing using PCR method  

was accomplished using single cell taken directly from plates. The  
exploited PCR protocol for amplification of the ribosomal genes has 
been described elsewhere.24 After several stages of sub culturing, the 
samples were cultivated in Erlenmeyer flasks (250 mL) containing 100 mL  
of Johnson medium at 25 ± 2 ºC under 16:8 h (light/dark cycle) with 
white fluorescent light at 52.84 mol m−2 s−1 light intensity and shaking at 
130 rpm for 10 days.
After the 10th day of growth phase, the cultures were harvested and 
maintained as control cells and also used as inoculums for stress-phase 
cultivation for another 10 days of cultivation. Three main stress condi-
tions (Sulfur (S), iron (Fe) and manganese (Mn) depleted) were tested to 
identify the effects of stress condition on total β-carotene concentration 
in D. salina.
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After 10th day of cultivation, the initial cultures, were used to set-up 
the stress experiments. The microalgal cells were carefully separated by 
centrifugation at 3000×g, 20 ºC for 5 min and the obtained pellets were 
washed twice before final resuspension in suitable stress medium. Stress 
experiments were performed in triplicate in 250 mL Erlenmeyer flasks 
containing 90 mL of the specific stress medium (S, Fe and Mn depleted) 
and 10 mL of microalgae cells re-suspended in stock stress medium. The 
initial cells of microalgae were 4×105 cells mL-1.

Cell counting
Neubauer hemocytometer was used for cell quantitation with a 1% mm  
deep counting chamber by means of an electronic microscope with  
magnification ×40 (Ceti microscope, Medline Scientific, UK). The  
microalgal cells were fixed using formaldehyde solution (10%) before the 
counting procedure. 

Analytical methods
The initial pigments of β-carotene were evaluated after 10 days of cultiva-
tion (mid stationary phase). β-carotene extraction from the microalgal cell 
pellets was performed using a mixture of ethanol/n-hexane (2:1, v/v). 
UV/vis spectrophotometry method at 450 nm absorbance was used for 
detection of β-carotene content.22, 25 Total lipid content was extracted and  
quantified using gravimetric method,5 using a mixture of methanol/ 
dichloromethane (2:1, v/v).22 The lipid extraction procedure was repeated  
for three times. Fatty acid composition analysis was conducted as  
described before.26

Statistical analysis
The significant differences of mean β-carotene (n = 3) was evaluated by 
using ANOVA with statistically difference at a level of 5%. IBM SPSS 
software version 22.0 (Armonk, NY: IBM Corp.) and Graph Pad prism 
version 6.00 (GraphPad Software, La Jolla California, USA) were used 
for statistical analysis.

RESULTS AND DISCUSSION

Cell growth characteristics of D. salina 
The growth pattern of the studied microalgal strain was monitored during 
10 days of cultivation after nutrient depletion experiment. The sampling  
was performed every three days and the results were depicted in Figure 1.  
During the first days of cultivation, the microalgal cells showed a lag 
phase during the first 3 days and maintained the exponential phase from 
day 3 to day 10, and then the growth rate remained at the stationary  
phase. The initial cells of microalga were reported as 4×105 cells mL-1.  
After 10 days of initial cultivation experiment, the microalgal cell number  
were reached up to 2×106 cell mL-1. After beginning the starvation study,  
with addition of the fresh medium, the cell growth was increase in a typical  
sigmoidal trends in all studied cultivation media. Nevertheless, the  
basic culture medium showed higher slopes compared with three other 
starved media. During another 10 days of nutrient depleted cultivation, 
trends of cell growth in the nutrient rich sample was higher than sulfur, 
iron and manganese deficient conditions. The maximum cell number of  
6.32 × 106 cell mL-1 was obtained during 10 days of cultivation in nutrient 
rich medium. In S starved medium, a maximum amount of 5.60 × 106 
cell mL-1 was detected. The highest cell number of 5.12 × 106 cell mL-1 
was observed in Fe starved medium as well. Without Mn, only 5.92 × 106  
cell mL-1 were obtained after 10 days of cultivation. The nutrient limited  
culture media gradually decreased possibly due to nutrient limitation 
in the culture medium. As the results indicate, Fe starvation caused 
more reduction (81.01%) in cell numbers compared to S (88.61%) and  
Mn (93.67%) deprivation experiments compared to the control nutrient  
rich condition. The observed growth reduction in nutrient deprived 

media might be attributed to the unflavored growth conditions caused 
by limited nutrient concentrations in the culture medium. The lowest 
reduction values for cell growth was observed in Mn starvation which  
implies its lower contribution as a micronutrient in cell growth of  
D. salina compared with two studied macronutrients (S and Fe). The  
results of three distinct micro and macronutrient limitation on D. salina 
growth, were in agreement with the available data concerning the effects 
of nitrogen, sulfur and iron depletion on Dunaliella and other related 
microalgal strains.12,27,28

β-carotene content of D. salina
The changes in β-carotene contents during complete S, Fe and Mn  
depleted cultivation studies carried out in 10 days of study are provided 
in Figure 2. The presented data are the mean values for three different 
experiments with error bars. The β-carotene content was elevated from  
6.753 mg L-1 in basic nutrient rich medium to 14.616 mg L-1 in S, 14.994 
mg L-1 in Fe starvation and 10.119 mg L-1 in Mn starvation culture  
media, respectively. On the other word, the nutrient starvation strategy 
improved the β-carotene production process in D. salina up to 216.44% 
(S starvation), 222.03% (Fe starvation) and 149.84% (Mn starvation)  
compared with its initial values in nutrient rich medium. The presented  
data in Table 1 revealed that β-carotene production was increase in the  
stressful conditions caused by nutrient starvation. Based upon the  
results, it could be suggested that the availability of the major required  
elements for D. salina growth are inversely related to the β-carotene  
biosynthesis pathway. The similar observations have been reported by 
other researchers with D. salina, which accumulated more β-carotene 
content with lower nitrogen concentrations.12 Nevertheless, it has been  
indicated that increased β-carotene accumulation after reducing the  
nutrient concentrations in the culture medium is related to the  
species-specific reaction with a general trend.9 The β-carotene content 
in Dunaliella spp. is considered as a storage element or a singlet oxygen 
quencher.29 Several experiments have represented that some species of 
Dunaliella, under high irradiance conditions or cell division cycle while  
inflicted by environmental stress conditions, are able to accumulate 
more β-carotene levels.13,30 
The present study demonstrates the effect of three nutrient depletions  
on the growth rate and chemical composition of the microalga. Nutrient  
deficient imposed on isolates of Dunaliella sp. showed an increase in 
β-carotene content. The maximum β-carotene content was observed 
14.994 mg mL-1 in culture grown in iron deficient conditions (Table 2). 
Iron limitation conditions is postulated to prevent the cell division, so  
the rate of cells division became slow with decreased chlorophyll  
contents.31 Because of this, the cells of microalgae start to protect the cells 
against possible damage from radiation by producing more β-carotene.  
The same reaction were seen under sulfate and phosphate limiting  
conditions.9 The results demonstrated the possibility of using nutrient 
limitation strategy to maximize the β-carotene concentrations in the 
naturally isolated D. salina strain. 

Fatty acid composition analysis
The fatty acid profile from the studied microalgal strain was inspected  
to evaluate its possibility for essential fatty acids and also biodiesel pro-
duction purposes. The quantity and quality of the microalgal lipids is  
considered as a major factor to exploit the fatty acid methyl esters  
(FAMEs) from a microalga for alternative energy production. Normally, 
fatty acid methyl esters harboring 16-18 carbon atoms are considered 
suitable for biofuel production.32

Table 2 presents the identified fatty acids and fatty acid methyl esters 
identified in D. salina. Different fatty acid classes including saturated, 
mono unsaturated and poly unsaturated fatty acids ranging from 6 to 24  
carbon atoms were detected. Hexanoic acid (caproic acid, 6:0), octanoic 
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acid (caprylic acid, 8:0), Dodecanoic acid (Lauric acid, 12:0), tetradeca-
noic acid (myristic acid, 14:0), octadecanoic acid (stearic acid, 18:0) and 
tetracosanoic acid (lignoceric acid, 24:0) were identified as the main  
saturated fatty acids (SFA). Besides, some valuable types of monounsatu-
rated fatty acids (MUFAs) such as 3-Hexenoic acid (6:1) and 6-Octa-
decadienoic acid (Petroselinic acid, 18:1) were also detected. The only  
identified polyunsaturated fatty acid (PUFA) were found to be 9, 12-Octa-
decadienoic acid (linoleic acid, 18:2) a poly unsaturated ω-6 fatty acid. 
The major identifies FAMEs were also reported as methyl decanoate 
(11:0) and methyl tetradecanoate (15:0). The results of this study are in 
agreement with the presented results by other researchers performed in 
fatty acid profiling of D. salina.33 As the results show, we detected some  
significant FAs/FAMEs with various pharmaceutical and nutritional  
applications. The observed FAs/FAMEs profile confirms the potential  
application of the identified strain for biodiesel production.

CONCLUSION
To sum up, sulfur, iron and manganese were confirmed as critical nutri-
tional factors involving in cell growth, lipid production and β-carotene 
metabolism. Owing to its significant growth rate, β-carotene contents 
and fatty acid profile; the naturally isolated microalgal strain could be  
exploited as a potential producer strain in industrial scale. Nutrient  
depletion strategy as a bioprocess engineering method should be further 
examined in scale up or optimization studies 
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