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Abstract
Nitrogen is one of the most important nutrient sources for the growth of microalgae. We studied the
effects of nitrogen starvation on the growth responses, biochemical composition and fatty acid pro�le of
Dunaliella tertiolecta, Phaeodactylum tricornutum and Nannochloropsis oculata. The lack of nitrogen
caused changes in carbohydrate, protein, lipid and fatty acid composition in all examined microalgae.
The carbohydrate content increased 59% in D. tertiolecta, while the lipid level increased 139% in P.
tricornutum under nitrogen stress conditions. Nitrogen starvation increased the oligosaccharide and
polysaccharide contents of D. tertiolecta 4.18-fold and 3.77-fold, respectively. Furthermore, triacylglycerol
(TAG) levels in N. oculata and P. tricornutum increased 2.3-fold and 7.4-fold, respectively. The dramatic
increase in the amount of TAG is important for the use of these microalgae as raw materials in biodiesel.
Nitrogen starvation increased the amounts of oligosaccharides and polysaccharides of D. tertiolecta,
while increased eicosapentaenoic acid (EPA) in N. oculata and docosahexaenoic acid (DHA) content in P.
tricornutum. The amount of polyunsaturated fatty acids (PUFAs), EPA, DHA, oligosaccharides and
polysaccharides in microalgal species can be increased without using the too costly nitrogen source in
the culture conditions, which can reduce the most costly of living feeding.

Introduction
Microalgae, due to their valuable biochemical content, are preferred as raw materials in many areas
(Sathyamoorthy and Rajendran 2022), such as animal feed (Borowitzka 1997; Ansari et al. 2021), biofuel
(Borowitzka 2010; Moshood et al. 2021; Venkata Subhash et al. 2022), nutraceutical (Barkia et al. 2019;
Zanella and Vianello 2020) and functional foods (Andrade 2018). Microalgae play an important role,
particularly in �sh and shrimp farming due to their protein, lipid and carbohydrate contents in addition to
their size (Baharuddin et al. 2016). Microalgae have the potential to replace traditional aquaculture feeds
due to their rich nutritional content and accumulation of triglycerides and protein in the muscle. The use
of microalgae as feed in aquaculture increases resistance to diseases, omega 3 content and skeletal
quality while reducing nitrogen output to the environment (Becker 2013). The amount of polyunsaturated
fatty acids, particularly eicosapentaenoic acid (EPA), arachidonic acid (ARA), and docosahexaenoic acid
(DHA), in their food content is very important for the normal growth and survival of �sh larvae (Reitan et
al. 1997).

There is general agreement that the biochemical composition of microalgae varies depending on species,
light, temperature, salinity, pH and culture conditions (Behrens and Kyle 1996; Becker 2013; Yaakob et al.
2021). Photosynthetic e�ciency, biomass productivity, protein, lipids, carbohydrates, fatty acids, vitamins
and pigment accumulation are affected under stress conditions (Tebbani et al. 2014; Panis and Carreon
2016). In addition, under environmental stress conditions, microalgae cells synthesize neutral lipids in the
form of triacylglycerol (TAG) (Scott et al. 2010). TAGs are highly valuable biological molecules due to
their importance in health, agriculture, chemical industry and biological systems. They offer an e�cient
way to store carbon and energy (Li-Beisson et al. 2021). Many microalgal species contain high amounts
of lipids with TAG content, which is important in biodiesel production (Borowitzka and Moheimani 2013).
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Some microalgal species can also produce lipids in the form of TAG, similar to vegetable oils, with EPA
and DHA that are important for nutrition (Klok et al. 2014).

Nitrogen is the major element in microalgae culture, as it plays a role in protein, DNA and chlorophyll
synthesis. Nitrogen restriction or starvation can affect the growth of microalgae, the synthesis of protein
and carbohydrates and particularly increase lipid accumulation (Benvenuti et al. 2015; Shen et al. 2016;
Zarrinmehr et al. 2020). Lipid and carbohydrate accumulation increased in Chlorella zon�ngiensis cells
under nitrogen starvation conditions and carbohydrate synthesis occurred before lipid synthesis (Zhu et
al. 2014). Janssen et al. (2019) have reported that Nannochloropsis gaditana accumulates TAG in
response to nitrogen starvation.

The focus of the present study was to investigate the effects of nitrogen starvation (nitrogen-free culture
medium, N−) on the growth responses, carbohydrate, protein, lipid contents and fatty acid pro�les of
Dunaliella tertiolecta, Phaeodactylum tricornutum and Nannochloropsis oculata. In addition, the fold
changes in the amount of TAG, oligosaccharide and polysaccharide were investigated by Fourier
transform infrared (FTIR) spectroscopy. FTIR is a useful method for identifying the functional groups of
biological samples (Arif et al. 2021), such as microalgal biomass (Stehfest et al. 2005) and
intra/extracellular metabolites (Kosa et al. 2017). Considering all data obtained from the trials, knowledge
and advice are given about which microalgal species can be used in which sector or sectors.

Materials & Methods

Microalgal species and experimental design
Dunaliella tertiolecta K-0591, Phaeodactylum tricornutum RCC2967 and Nannochloropsis oculata 849/1
were obtained from the Norwegian Culture Collection of Algae (NORCCA), the Roscoff Culture Collection
(RCC) and the Culture Collection of Algae and Protozoa (CCAP), respectively. D. tertiolecta and N. oculata
were maintained in F/2 culture medium (Guillard and Ryther 1962; Guillard 1975), while P. tricornutum
was maintained in F/2 culture medium with silica.

Microalgal culture stocks (5 days old) were used to initiate the experiments. The initial optical density
value of each trial was adjusted to 0.1. F/2 medium was used for the control group experiment, while F/2
without NaNO3 was used for the nitrogen starvation group experiment (N−). Microalgal species were
cultured in 500 mL �asks containing 200 ml of culture medium for 10 days. All trials were constantly
illuminated (100 µmol photons m− 2 s− 1) and shaken three times a day. Cultivation was carried out at
20°C for P. tricornutum and 23°C for D. tertiolecta and N. oculata. All trials were performed in triplicate.

Optical density, cell number, dry weight and FT-IR were measured at 0, 3, 5, 7, and 10 days of the
experiments, while total protein, carbohydrate, lipid and fatty acid pro�les were determined at 0, 5, and 10
days under optimal and nitrogen starvation conditions. The algal sample was centrifuged at 10000 rpm
at 4°C for 10 min, and the supernatant was discarded and then washed three times with distilled water.
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The pellets were transferred to tubes and dried in a lyophilizer. Dried microalgae samples were used for
FT-IR, biochemical composition and fatty acid pro�le analyses.

Growth Measurement
Optical density was measured by UV- spectrophotometry in triplicate at 625 nm for P. tricornutum and
680 nm for D. tertiolecta and N. oculata. The speci�c growth rate (SGR) was calculated using the
following formulas (Godoy-Hernández and Vázquez-Flota 2006; Cirik and Gökpınar 2008):

SGR (µ) = In(X2/X1)/(t2-t1)
where X2 is the optical density of the test group at t2 and X1 is the optical density of the control group at
t1. The cell number was determined using a Neubauer counting chamber with homogeneous sampling.
Dry weight measurements were determined according to Boussiba et al. (1992).

Ft-ir Analysis

The values corresponding to the 4000 − 400 cm− 1 spectral range of the dried microalgae samples were
determined by FT-IR (Bruker Vertex 70 ATR). FT-IR analyses were performed by Tekirdağ Namık Kemal
University Central Research Laboratory (NABİLTEM). Using the data corresponding to the wavelengths
read, changes in the amounts of TAG (1744 cm− 1/1652 cm− 1), oligosaccharide (1145 cm− 1/1652 cm− 1)
and polysaccharide (1045 cm− 1/1652 cm− 1) were determined (Angün 2013).

Biochemical Composition Analyses
The total protein content of the biomass was determined by the Bradford method (Bradford 1976), while
the total carbohydrate content was assessed by the phenol‒sulfuric acid method (Dubois et al. 1956)
and the sulfo-phospho-vanillin method was used for the total lipid analysis (Mishra et al. 2014). Fatty
acid samples were analyzed by GC-FID. To determine the location of the peaks, analyses were performed
on an HP-88 100 m fatty acid column using supelco-fame mix 37. Methanolic potassium hydroxide and
isooctane were used for sample preparation (Gumus et al. 2015). The fatty acid composition of
microalgal species was determined by the Ege University Central Research Test and Analysis Laboratory
Application and Research Center (EGE-MATAL).

Statistical analysis
All trials were performed in three replications and the data were expressed as the standard deviation of
the mean. Levene’s test was applied for homogeneity of variances. Differences among the experimental
groups were determined by Tukey’s test after one-way analysis of variance (ANOVA). Differences between
groups were calculated with the independent sample t test at a 95% con�dence interval. Pearson’s
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correlations were used to determine the direction of relationships between variables. IBM SPSS 25.0 and
Microsoft Excel 2016 software were used to evaluate the obtained data.

Results

Cell growth characteristics
Changes in the optical density, cell number and dry weight of D. tertiolecta, N. oculata and P. tricornutum
under control as well as nitrogen starvation (N−) conditions are shown in Fig. 1. The lack of nitrogen
caused slower growth in all microalgal species. Optical density, cell number and dry weight
measurements that provide information about growth support each other. The speci�c growth rates (µ) of
D. tertiolecta, N. oculata and P. tricornutum on the 5th day of the experiments in the control groups were
0.119 (day), 0.155 (day), and 0.223 (day), respectively, while they were 0.083 (day), 0.122 (day), and
0.226 (day) under N− conditions, respectively.

Figure 1. Changes in the optical density, cell number and dry weight of D. tertiolecta, N. oculata, P.
tricornutum. Values are presented as the mean ± standart deviation (n = 3) square: control group, triangle:
nitrogen starvation group (N−)

FTIR analysis
FTIR spectra indicate characteristic bands that re�ect the biochemical composition of the sample.
Qualitative and quantitative differences in the molecular composition of the sample are revealed by the
location and intensity of these characteristic bands (Ferro et al. 2019). Fold changes in TAG,
oligosaccharide and polysaccharide are shown in Fig. 2. The coe�cient calculations were determined by
rate the data obtained from the nitrogen starvation cultures to the data of the control group. The amounts
of oligosaccharides and polysaccharides increased by 4.18-fold and 3.77-fold, respectively on the 7th day
in the N− group of D. tertiolecta. Nitrogen starvation caused a 2.3-fold increase in TAG levels and
increased polysaccharide accumulation approximately 2-fold on the 10th day of N. oculata culture. In
FTIR analyses of P. tricornutum, the amounts of TAG and polysaccharide increased 7.4-fold and 2.4-fold
in the nitrogen-free conditions compared to the control conditions on the 7th day of the experiment. At the
same time, the amount of oligosaccharides increased 5.3-fold in the nitrogen starvation group compared
to the control group on the 10th day for P. tricornutum.

Figure 2. Fold changes of TAG, oligosaccharide and polysaccharide

Effect of nitrogen starvation on biochemical composition
The changes in carbohydrate, protein and lipid amounts of microalgal species under nitrogen starvation
are presented in Table 1. Under nutrient stress, microalgae convert photosynthetic carbon �ux into
different pathways to produce energy-rich carbohydrates and lipids, which compete with each other
during their synthesis (Siaut et al. 2011; Pancha et al. 2014). Carbohydrate production increased in the N−
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groups in D. tertiolecta and P. tricornutum but not in N. oculata cells. The maximum values of 5509.85 ± 
265.5 and 5241.1 ± 259.2 µg mL− 1 were observed under nitrogen starvation in D. tertiolecta and P.
tricornutum on the 5th day of cultivation, while these were 1346.6 ± 30.6 µg mL− 1 in the control group in
N. oculata on the 10th day of cultivation. Pearson’s correlation showed that the cell number for N. oculata
had a strong positive correlation with carbohydrates (r:1.00), and a positive correlation was observed
between optical density and carbohydrates in D. tertiolecta (r:0.998). D. tertiolecta had the highest protein
level of 538.416 ± 14.5 µg mL− 1 on the �rst day of the experiment. Protein accumulation decreased in N.
oculata under nitrogen starvation conditions but increased in D. tertiolecta and P. tricornutum species
compared to the control group on the last day of the experiment. A negative correlation was observed
between dry weight and MUFAs in D. tertioecta under nitrogen stress conditions (r:0.997). Lipid content
was increased under nitrogen starvation for all examined species. The highest lipid levels were
determined on the 10th day in D. tertiolecta, N. oculata and P. tricornutum at 285.638 ± 3.7, 295.479 ± 5.3
and 562.234 ± 19.8 µg mL− 1, respectively. The Pearson correlation coe�cient was 0.997, indicating a
strong correlation between lipid content and cell number in P. tricornutum under nitrogen starvation.
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Table 1
Biochemical composition of D. tertiolecta, N. oculata and P. tricornutum

Microalgae   Mean ± standard deviation (µg mL− 1)

Day 0th Day 5th Day 10th

Control/N− Control N− Control N−

Dunaliella
tertiolecta

Carbohydrate 1177,6 ± 
35,9

4027,35 
± 100,0a

5509,85 
± 265,5b

953,1 ± 
44,2c

1517,1 ± 
46,9d

Protein 538,416 ± 
14,5

408,589 
± 7,7a

321,337 
± 9,9b

401,658 
± 13,0c

441,015 
± 12,4d

Lipid 143,085 ± 
5,4

227,128 
± 8,4a

162,500 
± 7,9b

186,702 
± 5,6c

285,638 
± 3,7d

Nannochloropsis
oculata

Carbohydrate 246,6 ± 
11,7

190,85 ± 
12,5a

140,6 ± 
2,8b

1346,6 ± 
30,6c

510,6 ± 
26,6d

Protein 56,485 ± 
9,5

211,436 
± 6,6a

84,579 ± 
4,8b

130,495 
± 12,4c

84,084 ± 
12,3d

Lipid 72,074 ± 
3,5

150,798 
± 47,5a

134,043 
± 5,3a

253,989 
± 3,2b

295,479 
± 5,3c

Phaeodactylum
tricornutum

Carbohydrate 879,85 ± 
191,0

2963,35 
± 67,6a

5241,1 ± 
259,2b

4118,35 
± 127,8c

4598,1 ± 
35,8d

Protein 106,547 ± 
2,6

258,960 
± 6,1a

178,144 
± 20,7b

247,079 
± 12,2c

384,084 
± 23,1d

Lipid 77,926 ± 
4,6

205,053 
± 7,5a

368,617 
± 13,7b

235,106 
± 17,7c

562,234 
± 19,8d

Effect of nitrogen starvation on the fatty acid pro�le
The fatty acid pro�le of D. tertiolecta and the contents of saturated fatty acids (SFAs) and mono- and
polyunsaturated fatty acids (MUFAs and PUFAs) are shown in Table 2. The dominant fatty acids of D.
tertiolecta are palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1 cis), linoleic acid (C18:2 cis),
linolenic acid (C18:3n3), eicosatrienoic acid (C20:3n3), eicosapentaenoic acid (C20:5) and
docosahexaenoic acid (C22:6). C20:5 increased from 14.88–16.32%, and C18:1cis and C18:2cis
increased from 5.48–6.51% and from 8.80–9.39%, respectively under nitrogen starvation conditions on
the 10th day in D. tertiolecta. Under nitrogen-free conditions on the 5th day of culture, C18:0 and C22:6
increased from 5.34–6.24% and from 9.44–9.86%, respectively. In contrast, C18:3n3 decreased from
9.59–8.47% on the 5th day of the experiment.

A positive correlation was observed between PUFA and lipid amount in P. tricornutum (r:0.998) and a
negative correlation was determined in N. oculata (r:0.998). A negative Pearson correlation was
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determined between lipid and SFA levels in D. tertiolecta under nitrogen starvation. Additionally, a
negative correlation was observed between dry weight and SFA level in P. tricornutum under nitrogen
stress conditions (r:0.999).
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Table 2
The fatty acid pro�le of D. tertiolecta

  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

Tridecanoic (C13:0) 1.108 ± 
0.069

1.109 ± 
0.016

1.801 ± 
0.000

1.722 ± 
0.090

1.700 ± 
0.020

Myristic (C14:0) 1.810 ± 
0.063

1.611 ± 
0.075

1.649 ± 
0.000

1.742 ± 
0.124

1.878 ± 
0.071

Pentadecanoic (C15:0) 1.859 ± 
0.040

1.378 ± 
0.072

1.587 ± 
0.000

1.289 ± 
0.092

1.601 ± 
0.048

Palmitic (C16:0) 12.485 ± 
0.323

12.487 ± 
0.113

12.384 ± 
0.000

12.680 ± 
0.292

12.516 ± 
0.332

Palmitoleic (C16:1) 2.661 ± 
0.146

2.377 ± 
0.207

2.759 ± 
0.000

2.705 ± 
0.026

2.644 ± 
0.116

Heptadecanoic(C17:0) 1.603 ± 
0.029

1.157 ± 
0.042

1.350 ± 
0.000

1.410 ± 
0.032

1.343 ± 
0.122

cis-10-heptadecanoic (C17:1) 2.492 ± 
0.045

2.354 ± 
0.140

2.260 ± 
0.000

2.490 ± 
0.047

2.312 ± 
0.063

Stearic (C18:0) 6.496 ± 
0.039

5.345 ± 
0.129

6.249 ± 
0.000

5.810 ± 
0.064

5.170 ± 
0.219

Oleic (C18:1 cis) 6.525 ± 
0.044

6.630 ± 
0.178

6.093 ± 
0.002

5.480 ± 
0.147

6.516 ± 
0.048

Linoleic (C18:2 cis) 8.677 ± 
0.116

8.565 ± 
0.056

8.757 ± 
0.000

8.805 ± 
0.115

9.395 ± 
0.241

Arachidic (C20:0) 2.447 ± 
0.152

2.667 ± 
0.170

2.681 ± 
0.004

2.777 ± 
0.126

2.652 ± 
0.150

cis-11-eicosenoic (C20:1) 2.697 ± 
0.044

2.508 ± 
0.098

2.587 ± 
0.001

2.374 ± 
0.069

2.644 ± 
0.115

Linolenic (C18:3n3) 9.234 ± 
0.057

9.591 ± 
0.047

8.476 ± 
0.002

8.862 ± 
0.135

8.452 ± 
0.115

cis-11,14-eicodadienoic (C20:2) 3.548 ± 
0.157

3.625 ± 
0.148

3.875 ± 
0.000

3.830 ± 
0.065

3.503 ± 
0.352

cis-8,11,14-eicosatrienoic
(C20:3n6)

4.281 ± 
0.218

4.672 ± 
0.163

4.879 ± 
0.000

4.816 ± 
0.087

4.509 ± 
0.218

cis-11,14,17-eicosatrienoic
(C20:3n3)

8.241 ± 
0.158

8.733 ± 
0.075

7.877 ± 
0.000

8.517 ± 
0.068

7.538 ± 
0.149
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  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

cis-5,8,11,14,17-
eicosapentaenoic (C20:5)

14.389 ± 
0.088

15.751 ± 
0.120

14.869 ± 
0.000

14.881 ± 
0.135

16.328 ± 
0.269

cis-4,7,10,13,16,19-
docosahexaenoic (C22:6)

9.448 ± 
0.025

9.441 ± 
0.293

9.868 ± 
0.000

9.811 ± 
0.064

9.299 ± 
0.066

SFAs 27.809 25.754 27.701 27.429 26.859

MUFAs 14.374 13.868 13.699 13.050 14.117

PUFAs 57.817 60.378 58.601 59.521 59.023

The pro�le of fatty acids in N. oculata under different culture conditions is shown in Table 3. The
dominant fatty acids in N. oculata are myristic acid (C14:0), palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1 cis), linoleic acid (C18:2 cis), linolenic acid (C18:3n3), eicosatrienoic acid (C20:3n3),
eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6). Under nitrogen starvation conditions
on the 10th day, C18:1cis increased from 4.29–7.18% conspicuously. Furthermore, C20:1 increased only
on the last day of the experiment under stress conditions, while C18:2cis increased on both the 5th and
10th days of culture. C22:6 decreased from 23.43–22.43% in the absence of nitrogen on the 5th day.
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Table 3
The fatty acid pro�le of N. oculata

  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

Tridecanoic (C13:0) 1.212 ± 
0.035

1.397 ± 
0.042

1.517 ± 
0.043

1.400 ± 
0.034

1.758 ± 
0.000

Myristic (C14:0) 5.102 ± 
0.021

4.611 ± 
0.069

5.080 ± 
0.068

4.696 ± 
0.237

5.066 ± 
0.000

Pentadecanoic (C15:0) 1.181 ± 
0.076

1.355 ± 
0.000

1.433 ± 
0.136

1.634 ± 
0.028

1.282 ± 
0.090

cis-10-pentadecanoic (C15:1) 1.171 ± 
0.090

1.292 ± 
0.052

1.208 ± 
0.037

1.343 ± 
0.126

1.569 ± 
0.118

Palmitic (C16:0) 9.177 ± 
0.139

9.818 ± 
0.087

9.777 ± 
0.016

9.343 ± 
0.133

9.340 ± 
0.137

Palmitoleic (C16:1) 2.790 ± 
0.122

2.249 ± 
0.001

2.591 ± 
0.082

2.061 ± 
0.078

2.465 ± 
0.089

Heptadecanoic (C17:0) 2.111 ± 
0.034

2.226 ± 
0.141

2.425 ± 
0.100

3.108 ± 
0.149

2.195 ± 
0.086

cis-10-heptadecanoic (C17:1) 1.361 ± 
0.081

1.406 ± 
0.021

1.203 ± 
0.086

1.410 ± 
0.039

1.596 ± 
0.213

Stearic (C18:0) 4.994 ± 
0.057

4.658 ± 
0.152

4.562 ± 
0.058

3.470 ± 
0.024

3.619 ± 
0.054

Oleic (C18:1 cis) 4.285 ± 
0.060

4.306 ± 
0.059

4.505 ± 
0.097

4.292 ± 
0.092

7.189 ± 
0.088

Linoleic (C18:2 cis) 4.688 ± 
0.100

4.169 ± 
0.093

4.804 ± 
0.102

4.353 ± 
0.164

4.601 ± 
0.066

Arachidic (C20:0) 2.801 ± 
0.063

2.721 ± 
0.094

2.673 ± 
0.113

4.415 ± 
0.238

2.161 ± 
0.104

cis-11-eicosenoic (C20:1) 3.490 ± 
0.057

3.457 ± 
0.310

3.170 ± 
0.091

3.523 ± 
0.092

3.621 ± 
0.051

Linolenic (C18:3n3) 7.389 ± 
0.055

6.495 ± 
0.064

6.620 ± 
0.165

7.109 ± 
0.106

6.484 ± 
0.068

cis-11,14- eicodadienoic (C20:2) 3.209 ± 
0.106

3.784 ± 
0.003

3.170 ± 
0.161

3.107 ± 
0.025

3.292 ± 
0.249

cis-8,11,14-eicosatrienoic
(C20:3n6)

2.344 ± 
0.000

2.902 ± 
0.079

2.759 ± 
0.151

2.609 ± 
0.065

2.624 ± 
0.020
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  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

cis-11,14,17-eicosatrienoic
(C20:3n3)

7.181 ± 
0.078

7.621 ± 
0.074

7.130 ± 
0.069

7.301 ± 
0.035

6.948 ± 
0.097

cis-13,16-docosadienoic (C22:2) 0.586 ± 
0.053

0.578 ± 
0.014

0.674 ± 
0.019

0.580 ± 
0.009

0.755 ± 
0.045

cis-5,8,11,14,17-
eicosapentaenoic (C20:5)

12.591 ± 
0.06

11.655 ± 
0.32

12.264 ± 
0.054

12.164 ± 
0.075

11.800 ± 
0.049

cis-4,7,10,13,16,19-
docosahexaenoic (C22:6)

22.338 ± 
0.328

23.301 ± 
0.108

22.435 ± 
0.154

22.082 ± 
0.286

21.634 ± 
0.443

SFAs 26.577 26.786 27.467 28.066 25.422

MUFAs 13.097 12.710 12.677 12.629 16.441

PUFAs 60.326 60.504 59.856 59.306 58.137

The effect of nitrogen starvation on the fatty acid pro�le of P. tricornutum is represented in Table 4.
PUFAs constituted 47.18% of the total fatty acids in the control group on the 10th day of the experiment
and 50.21% in the nitrogen-deprived group. The dominant fatty acids in P. tricornutum were palmitic acid
(C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1 cis), linolenic acid (C18:3n3),
eicodadienoic acid (C20:2), eicosapentaenoic acid (C20:5) and docosahexanoic acid (C22:6). Under
nitrogen starvation conditions, C16:0 increased from 14.58–15.59% and from 14.30–14.82% on the 5th
day and 10th day of the experiment, respectively. A lack of nitrogen caused C16:1, C18:3n3 and C22:2 to
increase from 4.63–6.02%, from 5.64–6.43% and from 4.49–5.36%, respectively on the last day. On the
5th day, C22:6 increased from 6.74–8.82% distinctly in the nitrogen-starved group.
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Table 4
The fatty acid pro�le of P. tricornutum

  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

Caprylic (C8:0) 1.474 ± 
0.341

1.829 ± 
0.066

1.493 ± 
0.107

1.224 ± 
0.074

1.308 ± 
0.042

Tridecanoic (C13:0) 1.671 ± 
0.177

1.935 ± 
0.032

1.915 ± 
0.048

1.745 ± 
0.139

1.262 ± 
0.005

Myristic (C14:0) 4.592 ± 
0.310

3.887 ± 
0.142

3.642 ± 
0.123

4.689 ± 
0.190

4.280 ± 
0.051

Pentadecanoic (C15:0) 1.352 ± 
0.093

1.485 ± 
0.055

1.396 ± 
0.007

1.504 ± 
0.025

1.767 ± 
0.026

Palmitic (C16:0) 12.948 ± 
2.436

14.582 ± 
0.207

15.594 ± 
0.380

14.300 ± 
0.120

14.825 ± 
0.085

Palmitoleic (C16:1) 5.785 ± 
0.844

4.861 ± 
0.178

4.489 ± 
0.626

4.638 ± 
0.135

6.028 ± 
0.118

Heptadecanoic (C17:0) 4.443 ± 
0.079

4.055 ± 
0.095

4.460 ± 
0.124

6.059 ± 
0.095

4.707 ± 
0.030

cis-10-heptadecanoic (C17:1) 3.363 ± 
0.689

2.798 ± 
0.071

3.520 ± 
0.092

3.198 ± 
0.040

2.844 ± 
0.031

Stearic (C18:0) 5.630 ± 
0.091

5.701 ± 
0.035

4.777 ± 
0.142

4.855 ± 
0.044

4.769 ± 
0.122

Elaidic (C18:1 trans) 2.793 ± 
0.064

2.201 ± 
0.065

2.898 ± 
0.057

2.508 ± 
0.013

1.164 ± 
0.029

Oleic (C18:1 cis) 6.332 ± 
0.391

8.520 ± 
0.145

7.174 ± 
0.113

8.095 ± 
0.041

6.829 ± 
0.070

Linoleic (C18:2 cis) 4.751 ± 
0.074

4.625 ± 
0.073

4.659 ± 
0.180

4.486 ± 
0.068

4.565 ± 
0.110

Linolenic (C18:3n3) 6.159 ± 
0.359

6.559 ± 
0.134

4.345 ± 
0.170

5.646 ± 
0.153

6.430 ± 
0.080

Heneicosanoic (C21:0) 1.600 ± 
1.848

0.000 ± 
0.000

0.000 ± 
0.000

0.000 ± 
0.000

0.000 ± 
0.000

cis-11,14- eicodadienoic (C20:2) 5.140 ± 
0.584

5.685 ± 
0.243

6.432 ± 
0.245

6.017 ± 
0.041

6.557 ± 
0.453

Behenic (C22:0) 1.233 ± 
1.432

0.000 ± 
0.000

0.000 ± 
0.000

0.000 ± 
0.000

0.000 ± 
0.000
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  Mean ± standard deviation (%)

  Day 0th Day 5th Day 10th

  Control/N− Control N− Control N−

cis-8,11,14-eicosatrienoic
(C20:3n6)

3.188 ± 
0.429

3.595 ± 
0.084

3.693 ± 
0.261

3.204 ± 
0.021

3.663 ± 
0.149

cis-13,16-docosadienoic (C22:2) 4.992 ± 
0.421

4.369 ± 
0.080

4.700 ± 
0.018

4.495 ± 
0.041

5.361 ± 
0.034

cis-5,8,11,14,17-
eicosapentaenoic (C20:5)

15.747 ± 
0.195

16.570 ± 
0.007

15.990 ± 
0.330

16.615 ± 
0.077

16.802 ± 
0.068

cis-4,7,10,13,16,19-
docosahexaenoic (C22:6)

6.808 ± 
0.059

6.742 ± 
0.064

8.825 ± 
0.239

6.722 ± 
0.094

6.838 ± 
0.069

SFAs 34.941 33.475 33.276 34.377 32.919

MUFAs 18.274 18.380 18.080 18.439 16.865

PUFAs 46.785 48.146 48.644 47.184 50.216

Discussion
Microalgae are used in many industrial areas, such as aquaculture (Nagappan et al. 2021), food (Torres-
Tiji et al. 2020), cosmetics (De Luca et al. 2021), biodiesel (Chisti 2007), agriculture (González-Pérez et al.
2022), pharmacy (Yarkent et al. 2020), medicine (Sathasivam et al. 2019) and wastewater treatment (Li et
al. 2019). Microalgae are nutrient-rich organisms used in aquaculture hatcheries (Spolaore et al. 2006).
Microalgal cultures attract attention due to their importance in terms of sustainability in �sh and shrimp
farming (Cheng et al. 2020). Pigments such as carotene and astaxanthin obtained from microalgae
increase the immunity of aquacultured animals and prevent the use of antibiotics and drugs for
treatment (Singh et al. 2017). Therefore, it is important to utilize microalgae biotechnology in aquaculture
to bene�t the environment (Li et al. 2021).

The productivity of biomass and lipids in microalgae cells is affected by environmental factors as well as
the type and amount of nutrients (Zhu et al. 2016; Yalcin 2020). In the present study, the optical density,
cell number and dry weight of D. tertiolecta, P. tricornutum and N. oculata were higher in the control group
than in the nitrogen-starved group on the last day of the trial. The growth of microalgae cells is related to
the nitrogen concentration in the culture medium. In the case of nitrogen depletion, a general slowdown in
growth and an increase in lipid accumulation occurs in the cells (Van Vooren et al. 2012). Although
nitrogen stress has a high effect on the photosynthetic apparatus of cells, this may limit the growth of
cells but provides an increase in valuable fatty acids (Kamalanathan et al. 2016). The number of cells in
N. oculata cultures increased approximately 2.6-fold in the control group compared to the nitrogen-
starved group on the 10th day of the experiment. This was reported by Dianursanti et al. (2018), who
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stated that the reduction of nitrogen from the culture medium reduces the growth rate as well as the
inhibition of photosynthesis due to the decrease in chlorophyll formation in cells. Nitrogen concentration
affects the cell metabolism of D. tertiolecta and can easily affect cell growth (Song et al. 2016).
Researchers have reported that nitrogen-starved diatom species provide a high amount of lipid
accumulation, stop cell division and increase cell density slightly (Kaixian and Borowitzka 1993; Larson
and Rees 1996; Falkowski et al. 1998). Similar results were obtained in P. tricornutum, the only diatom
species examined in the current study. Mock and Kroon (2002) reported that loss of pigment and protein
amounts was observed in the Antarctic region, where nitrogen is limited.

In the present study, TAG content increased approximately 2-fold in D. tertiolecta in nitrogen-free medium
and decreased after the 3rd day. Under nitrogen-free culture medium, the oligosaccharide and
polysaccharide contents increased 4.18-fold and 3.77-fold, respectively on the 7th day and started to
decrease in the following days. Similar to our study, a study has reported that D. tertiolecta accumulates
high amounts of starch in the presence of nitrogen or nitrogen-free conditions, while it accumulates low
amounts of TAG (Tan et al. 2016). Nitrogen starvation has proven to increase the C/N ratio due to
decreased amino acid synthesis and protein levels, resulting in increased carbon storage in
polysaccharides and/or lipids (Dean et al. 2010). N. oculata increased the TAG content in nitrogen-free
culture conditions by 2.3-fold compared to the control group, while the amounts of oligosaccharides and
polysaccharides were increased by 1.26-fold and 1.91-fold, respectively. In the study of Shan Ahamed et
al. (2022), the amount of TAG in Nannochloropsis cells increased less (1.15-fold) in the absence of
nitrogen than in the present study. Ma et al. (2016) and Martin et al. (2014) reported that TAG
accumulation increased in N. oculata cells under nitrogen stress, similar to the results of our study. Tan et
al. (2016) reported that while N. oceanica increased the amount of TAG in nitrogen-de�cient medium, as
in the N. oculata species used in this study, contrary to our study, it lacked starch, which is a storage
compound. In our study, TAG accumulation in the nitrogen-starved group increased 7.4-fold compared to
the control group in P. tricornutum. Alonso et al. (2000) reported that the amount of TAG increased 1.08-
fold under nitrogen-limited conditions of P. tricornutum. Breuer et al. (2012) reported that TAG e�ciency in
P. tricornutum increased 4-fold under nitrogen stress compared to the control group. In our research, the
oligosaccharide and polysaccharide contents of P. tricornutum increased 5.3-fold and 2.4-fold,
respectively in the nitrogen-free group compared to the control group.

D. tertiolecta cells increased the amount of carbohydrates under nitrogen stress by 36% and 59%,
respectively on the 5th and 10th days of the experiment. Similar to our results, Slocombe et al. (2015) and
Nikookar et al. (2005) have reported that D. tertiolecta is among the best species for carbohydrate
production. Hong et al. (2017) have also reported that the carbohydrate content of species exposed to
nitrogen deprivation is increased. However, the same study, which contradicts our study, has reported that
fatty acid accumulation did not change compared to the �rst day. It is thought that the results are
contradictory due to the use of different culture conditions. D. tertiolecta tends to prefer starch rather than
TAG for chemical energy accumulation, and therefore, D. tertiolecta cells rapidly accumulate starch in
response to nitrogen-de�cient culture conditions (Tan et al. 2016). In our study, carbohydrate
accumulation in N. oculata decreased in nitrogen starvation condition compared to the control group.
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Hong et al. (2017) stated that the amount of carbohydrates gradually decreased until the end of their
research. Another study determined that in the absence of nitrogen in N. oculata, there was a decrease in
the amount of protein and chlorophyll a, whereas the accumulation of carbohydrates increased from
24.1–29% (Paes et al. 2016). In the current study, carbohydrate amounts in P. tricornutum were 76% and
11% higher in nitrogen-starved groups on the 5th and 10th days of the experiment group compared to the
control group, respectively.

While the amount of protein in D. tertiolecta and P. tricornutum was lower in the nitrogen-free group on the
5th day of the experiment than in the control group, it was higher in the nitrogen-free group than in the
control group on the 10th day of the experiment. This can be attributed to the accumulation of metabolic
wastes in the medium and self-destruction of cells exposed to nitrogen starvation for a long time. This
change in protein content contradicts the study of Kamalanathan et al. (2016). N. oculata reduces protein
accumulation in the absence of nitrogen, which is similar to the result obtained by Paes et al. (2016).

Many studies have shown that Dunaliella species respond to nitrogen de�ciency by increasing lipid
accumulation in their cells (Lombardi and Wangersky 1995; Chen et al. 2011). On the last day of the
experiment, we found that the amount of lipids in D. tertiolecta increased by 52% in the nitrogen starved
group compared to the control group. Although lipid accumulation was low in the �rst week of the
experiment under nitrogen starvation conditions, it increased after the 9th day, which is similar to the
results of Jiang et al. (2012). Rizwan et al. (2022) stated that the amounts of lipids and carbohydrates
increased by approximately 1.4-fold and 1.6-fold in Dunaliella exposed to nitrogen stress in the dark,
respectively, while these rates were approximately 2-fold and 4.7-fold, respectively according to the initial
value in our study. In N. oculata, lipid accumulation was 16% higher in the nitrogen-free group than in the
control group on the 10th day of the experiment. Many researchers have reported that nitrogen de�ciency
causes lipid accumulation in N. oculata cells (Rodol� et al. 2009; Su et al. 2011; Bajwa et al. 2018). N.
oculata is one of the most commonly used microalgal species in the culture of marine �sh larvae. This
research shows that increasing the oil content of N. oculata under nitrogen stress conditions can
contribute to the energy requirements of �sh larvae. In P. tricornutum, on the 5th and 10th days of the
experiment, lipid amounts were 79% and 139% higher in the nitrogen-starved group than in the control
group, respectively. Buono et al. (2016) and Yodsuwan et al. (2017) emphasized that P. tricornutum
responds to nitrogen stress by increasing lipid accumulation, as in our study.

The nutritional value of microalgae is determined by its protein content followed by the accumulation of
polyunsaturated fatty acids (PUFA) fatty acids such as docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA) and arachidonic acid (ARA) (Reitan et al. 1997). These fatty acids are very important because
they cannot be easily synthesized in the laboratory. The fatty acid composition is related to light intensity,
culture medium, temperature and pH (Daroch et al. 2013). EPA and DHA are essential for the growth and
survival of marine �sh larvae (Shah et al. 2018). In the present study, microalgal species were especially
rich in PUFAs. PUFAs play important roles in processes such as thermal adaptation, regulation of
membrane �uidity and permeability, oxygen and electron transport in cellular and tissue metabolism
(Cardozo et al. 2007; Lee et al. 2014). The fact that the PUFA content of D. tertiolecta cultures was
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approximately 60% of all fatty acids in each trial group and on all days of measurement showed that D.
tertiolecta is a microalgal species that can be used in food and aquaculture activities. Avidan et al. (2021)
in their nitrogen stress study with D. tertiolecta, determined that the amount of oleic acid increased 1.4-
fold, while it increased approximately 1.2-fold in the present study. Lee et al. (2014) stated that nitrogen
limitation or high light intensity increased the levels of SFA and MUFA in D. tertiolecta cultures and
decreased the level of PUFA. It also reported that nitrogen depletion caused an increase in the degree of
saturation of fatty acids in D. tertiolecta cells, since PUFAs are particularly sensitive to oxidation, which
supports our study. In our study, the SFA content in nitrogen-starved cells increased on the 5th day of the
experiment, while MUFA increased on the 10th day and PUFA content decreased at the same time. Lee et
al. (2014) reported that the dominant fatty acids in D. tertiolecta are linolenic acid (C18:3), palmitic acid
(C16:0), hexaadecatetraenoic acid (C16:4), linoleic acid (C18:2) and oleic acid (C18:1), while
eicosapentanoic acid (C20:5), palmitic acid (C16:0), docosahexanoic (C22:6), eicosantronoic (C20:3n3),
linolenic acid (C18:3n3) and linoleic acid (C18:2 cis) were determined in the current study.

In our study, although the EPA value increased by 5% under nitrogen stress in N. oculata, Hodgson et al.
(1991) and Reitan et al. (1994) emphasized that the decrease in the EPA ratio during the lipid-inducing
phase may be related to additional nutritional de�ciencies. Additionally, Gong et al. (2013) and Xiao et al.
(2013) reported that although fatty acid accumulation increased in N. oculata cells, there was no change
in the total amount of EPA. Olofsson et al. (2014) stated that saturated and monounsaturated fatty acids
increased from 76% to approximately 90% of total fatty acids in N. oculata under nitrogen-limited
conditions, while this rate increased from 39.7–41.8% in our study. Xu et al. (2001), Zhila et al. (2005)
and Su et al. (2011) reported that N. oculata cells showed a decrease in linolenic acid and an increase in
oleic acid when exposed to nitrogen stress. In our study, nitrogen stress caused an increase in both
linoleic acid and oleic acid. While N. oculata increased the amount of oleic acid (C18:1cis) 1.7-fold under
nitrogen starvation, it increased 1.07-fold in another study (Shan Ahamed et al. 2022). Contrary to this
study, Qiao et al. (2016) stated that saturated fatty acids and monounsaturated fatty acids increased in P.
tricornutum cells exposed to nitrogen stress. However, we determined that the amount of PUFA increased
under nitrogen starvation conditions, while the fatty acids of SFA and MUFA decreased. In another study
conducted with P. tricornutum, the amounts of palmitic acid (C16:0), palmitoleic acid (C16:1) and EPA
(C20:5) were determined on the 21st day of culture exposed to nitrogen deprivation at 17.73 ± 8.40%,
13.07 ± 6.03%, and 1.81%±1.25%, respectively (Yodsuwan et al. 2017). These were 14.82 ± 0.08%, 6.028 ± 
0.11%, and 16.80 ± 0.06% in our study on the 10th day of the experiment.

Conclusions
Microalgae are recognized as pioneer organisms in the aquaculture, food, medicine and biofuel
industries. Each microalgae needs different or similar culture conditions for growth. A change in culture
conditions causes differences in the biochemical composition of microalgae. These differences cause
the death of species in some cases or the synthesis or increase of molecules that can be used as raw
materials in various sectors. In our study, nitrogen starvation increased the amount of oligosaccharides
and polysaccharides in D. tertiolecta and increased the EPA and DHA contents in N. oculata and P.
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tricornutum. The fact that the amount of PUFA, EPA, DHA, oligosaccharides, and polysaccharides in
microalgal species can be increased without using the costliest nitrogen source in the culture conditions
can reduce the cost of feeding in aquaculture. In addition, N. oculata and P. tricornutum can be used as
raw materials for biodiesel, as they increase the amount of TAG by 2.3-fold and 7.4-fold, respectively in
nitrogen-free conditions.

Declarations
Competing interests: The authors no con�ict of interest to declare.

Funding: This study is part of the PhD thesis and was supported by the Ege University Scienti�c Research
Projects Coordination Unit (Project number: FGA-2021-22737).

Availability of data and material: Data and material will be available from the corresponding author upon
reasonable request. 

Authors' contributions: The experiments were designed by Pınar A. Şirin and Serpil Serdar. Laboratory
studies were carried out by Pınar A. Şirin. Biochemical analyses were performed by Pınar A. Şirin and
Serpil Serdar. The manuscript was written by Pınar A. Şirin. Serpil Serdar reviewed and editing the
manuscript. All authors read and approved the manuscript.

Acknowledgments

This study is part of the PhD thesis and was supported by the Ege University Scienti�c Research Projects
Coordination Unit (Project number: FGA-2021-22737). It is dedicated to Prof. Dr. Şevket Gökpınar, who is
no longer with us, for his valuable contributions to plankton research in Turkey.

References
1. Alonso DL, Belarbi EH, Fernández-Sevilla JM, et al (2000) Acyl lipid composition variation related to

culture age and nitrogen concentration in continuous culture of the microalga Phaeodactylum
tricornutum. Phytochemistry 54:461–471. https://doi.org/10.1016/S0031-9422(00)00084-4

2. Andrade LM (2018) Chlorella and Spirulina Microalgae as Sources of Functional Foods,
Nutraceuticals, and Food Supplements; an Overview. MOJ Food Process Technol 6:.
https://doi.org/10.15406/mojfpt.2018.06.00144

3. Angün P (2013) Sustainable Production of Biological Materials for Food and Agricultural
Applications. Bilkent University

4. Ansari FA, Guldhe A, Gupta SK, et al (2021) Improving the feasibility of aquaculture feed by using
microalgae. Environ. Sci. Pollut. Res. 28:43234–43257

5. Arif M, Li Y, El-Dalatony MM, et al (2021) A complete characterization of microalgal biomass through
FTIR/TGA/CHNS analysis: An approach for biofuel generation and nutrients removal. Renew Energy



Page 19/27

163:1973–1982. https://doi.org/10.1016/j.renene.2020.10.066

�. Avidan O, Malitsky S, Pick U (2021) Fatty acid production and direct acyl transfer through polar lipids
control tag biosynthesis during nitrogen deprivation in the halotolerant alga dunaliella tertiolecta.
Mar Drugs 19:368. https://doi.org/10.3390/md19070368

7. Baharuddin NNDE, Aziz NS, Sohif HN, et al (2016) Marine microalgae �occulation using plant: The
case of Nannochloropsis oculata and Moringa oleifera. Pakistan J Bot 48:831–840

�. Bajwa K, Bishnoi NR, Kirrolia A, Selvan ST (2018) Evaluation of Nutrient Stress ( Nitrogen ,
Phosphorus Regimes ) on Physio-Biochemical Parameters of Oleaginous Micro algal Strains and
SEM Study under Nutrient Stress. Int J Environ Sci Nat Resour 10:1–7.
https://doi.org/10.19080/IJESNR.2018.10.555776

9. Barkia I, Saari N, Manning SR (2019) Microalgae for high-value products towards human health and
nutrition. Mar. Drugs 17

10. Becker EW (2013) Microalgae for Human and Animal Nutrition. In: Handbook of Microalgal Culture:
Applied Phycology and Biotechnology: Second Edition. John Wiley & Sons, Ltd, pp 461–503

11. Behrens PW, Kyle DJ (1996) Microalgae as a source of fatty acids. J Food Lipids 3:259–272.
https://doi.org/10.1111/j.1745-4522.1996.tb00073.x

12. Benvenuti G, Bosma R, Cuaresma M, et al (2015) Selecting microalgae with high lipid productivity
and photosynthetic activity under nitrogen starvation. J Appl Phycol 27:1425–1431.
https://doi.org/10.1007/s10811-014-0470-8

13. Borowitzka M a., Moheimani NR (2013) Algae for Biofuels and Energy. Springer Netherlands,
Dordrecht

14. Borowitzka MA (1997) Microalgae for aquaculture: Opportunities and constraints. In: Journal of
Applied Phycology. Springer, pp 393–401

15. Borowitzka MA (2010) Algae Oils for Biofuels: Chemistry, Physiology, and Production. Single Cell Oils
Microb Algal Oils Second Ed 271–289. https://doi.org/10.1016/B978-1-893997-73-8.50017-7

1�. Boussiba S, Fan L, Vonshak A (1992) Enhancement and determination of astaxanthin accumulation
in green alga Haematococcus pluvialis. Methods Enzymol 213:386–391.
https://doi.org/10.1016/0076-6879(92)13140-S

17. Bradford M (1976) A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of
Protein Utilizing the Principle of Protein-Dye Binding. Anal Biochem 72:248–254.
https://doi.org/10.1006/abio.1976.9999

1�. Breuer G, Lamers PP, Martens DE, et al (2012) The impact of nitrogen starvation on the dynamics of
triacylglycerol accumulation in nine microalgae strains. Bioresour Technol 124:217–226.
https://doi.org/10.1016/j.biortech.2012.08.003

19. Buono S, Colucci A, Angelini A, et al (2016) Productivity and biochemical composition of
Tetradesmus obliquus and Phaeodactylum tricornutum: effects of different cultivation approaches.
J Appl Phycol 28:3179–3192. https://doi.org/10.1007/s10811-016-0876-6



Page 20/27

20. Cardozo KHM, Guaratini T, Barros MP, et al (2007) Metabolites from algae with economical impact.
Comp Biochem Physiol - C Toxicol Pharmacol 146:60–78.
https://doi.org/10.1016/j.cbpc.2006.05.007

21. Chen M, Tang H, Ma H, et al (2011) Effect of nutrients on growth and lipid accumulation in the green
algae Dunaliella tertiolecta. Bioresour Technol 102:1649–1655.
https://doi.org/10.1016/j.biortech.2010.09.062

22. Cheng P, Zhou C, Chu R, et al (2020) Effect of microalgae diet and culture system on the rearing of
bivalve mollusks: Nutritional properties and potential cost improvements. Algal Res. 51:102076

23. Chisti Y (2007) Biodiesel from microalgae. Biotechnol. Adv. 25:294–306

24. Cirik S, Gökpınar Ş (2008) Plankton Bilgisi ve Kültürü. Ege Üniversitesi Yayınları, İzmir

25. Daroch M, Shao C, Liu Y, et al (2013) Induction of lipids and resultant FAME pro�les of microalgae
from coastal waters of pearl river delta. Bioresour Technol 146:192–199.
https://doi.org/10.1016/j.biortech.2013.07.048

2�. De Luca M, Pappalardo I, Limongi AR, et al (2021) Lipids from microalgae for cosmetic applications.
Cosmetics 8:52

27. Dean AP, Sigee DC, Estrada B, Pittman JK (2010) Using FTIR spectroscopy for rapid determination of
lipid accumulation in response to nitrogen limitation in freshwater microalgae. Bioresour Technol
101:4499–4507. https://doi.org/10.1016/j.biortech.2010.01.065

2�. Dianursanti D, Sugiarto CW, Muharam Y, Susanto BH (2018) The effect of nutrient arrangement on
biomass growth and lipid content of microalgae Nannochloropsis oculata in internally illuminated
bubble column photobioreactor. In: AIP Conference Proceedings. American Institute of Physics Inc., p
020034

29. Dubois M, Gilles KA, Hamilton JK, et al (1956) Colorimetric Method for Determination of Sugars and
Related Substances. Anal Chem 28:350–356. https://doi.org/10.1021/ac60111a017

30. Falkowski PG, Barber RT, Smetacek V (1998) Biogeochemical controls and feedbacks on ocean
primary production. Science (80-. ). 281:200–206

31. Ferro L, Gojkovic Z, Gorzsás A, Funk C (2019) Statistical methods for rapid quanti�cation of proteins,
lipids, and carbohydrates in nordic microalgal species using ATR–FTIR spectroscopy. Molecules
24:3237. https://doi.org/10.3390/molecules24183237

32. Godoy-Hernández G, Vázquez-Flota FA (2006) Growth measurements: estimation of cell division and
cell expansion. Methods Mol Biol 318:51–58. https://doi.org/10.1385/1-59259-959-1:051

33. Gong Y, Guo X, Wan X, et al (2013) Triacylglycerol accumulation and change in fatty acid content of
four marine oleaginous microalgae under nutrient limitation and at different culture ages. J Basic
Microbiol 53:29–36. https://doi.org/10.1002/jobm.201100487

34. González-Pérez BK, Rivas-Castillo AM, Valdez-Calderón A, Gayosso-Morales MA (2022) Microalgae
as biostimulants: a new approach in agriculture. World J Microbiol Biotechnol 38:4.
https://doi.org/10.1007/s11274-021-03192-2



Page 21/27

35. Guillard RR, Ryther JH (1962) Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt, and
Detonula confervacea (cleve) Gran. Can J Microbiol 8:229–39. https://doi.org/10.1139/m62-029

3�. Guillard RRL (1975) Culture of Phytoplankton for Feeding Marine Invertebrates. In: Culture of Marine
Invertebrate Animals. Springer, Boston, MA, pp 29–60

37. Gumus ZP, Guler E, Demir B, et al (2015) Herbal infusions of black seed and wheat germ oil: Their
chemical pro�les, in vitro bio-investigations and effective formulations as Phyto-Nanoemulsions.
Colloids Surfaces B Biointerfaces 133:73–80. https://doi.org/10.1016/j.colsurfb.2015.05.044

3�. Hodgson PA, Henderson RJ, Sargent JR, Leftley JW (1991) Patterns of variation in the lipid class and
fatty acid composition of Nannochloropsis oculata (Eustigmatophyceae) during batch culture - I. The
growth cycle. J Appl Phycol 3:169–181. https://doi.org/10.1007/BF00003699

39. Hong SJ, Park YS, Han MA, et al (2017) Enhanced production of fatty acids in three strains of
microalgae using a combination of nitrogen starvation and chemical inhibitors of carbohydrate
synthesis. Biotechnol Bioprocess Eng 22:60–67. https://doi.org/10.1007/s12257-016-0575-9

40. Janssen JH, Wijffels RH, Barbosa MJ (2019) Lipid production in Nannochloropsis gaditana during
nitrogen starvation. Biology (Basel) 8:. https://doi.org/10.3390/biology8010005

41. Jiang Y, Yoshida T, Quigg A (2012) Photosynthetic performance, lipid production and biomass
composition in response to nitrogen limitation in marine microalgae. Plant Physiol Biochem 54:70–
77. https://doi.org/10.1016/j.plaphy.2012.02.012

42. Kaixian Q, Borowitzka MA (1993) Light and nitrogen de�ciency effects on the growth and
composition of Phaeodactylum tricornutum. Appl Biochem Biotechnol 38:93–103.
https://doi.org/10.1007/BF02916415

43. Kamalanathan M, Pierangelini M, Shearman LA, et al (2016) Impacts of nitrogen and phosphorus
starvation on the physiology of Chlamydomonas reinhardtii. J Appl Phycol 28:1509–1520.
https://doi.org/10.1007/s10811-015-0726-y

44. Klok AJ, Lamers PP, Martens DE, et al (2014) Edible oils from microalgae: Insights in TAG
accumulation. Trends Biotechnol. 32:521–528

45. Kosa G, Kohler A, Ta�ntseva V, et al (2017) Microtiter plate cultivation of oleaginous fungi and
monitoring of lipogenesis by high-throughput FTIR spectroscopy. Microb Cell Fact 16:1–12.
https://doi.org/10.1186/s12934-017-0716-7

4�. Larson TR, Rees TA V. (1996) Changes in cell composition and lipid metabolism mediated by sodium
and nitrogen availability in the marine diatom Phaeodactylum tricornutum (Bacillariophyceae). J
Phycol 32:388–393. https://doi.org/10.1111/j.0022-3646.1996.00388.x

47. Lee SY, Kim SH, Hyun SH, et al (2014) Fatty acids and global metabolites pro�ling of Dunaliella
tertiolecta by shifting culture conditions to nitrate de�ciency and high light at different growth
phases. Process Biochem 49:996–1004. https://doi.org/10.1016/j.procbio.2014.02.022

4�. Li-Beisson Y, Kong F, Wang P, et al (2021) The disassembly of lipid droplets in Chlamydomonas. New
Phytol 231:1359–1364. https://doi.org/10.1111/nph.17505



Page 22/27

49. Li H, Chen S, Liao K, et al (2021) Microalgae biotechnology as a promising pathway to ecofriendly
aquaculture: a state-of-the-art review. J. Chem. Technol. Biotechnol. 96:837–852

50. Li K, Liu Q, Fang F, et al (2019) Microalgae-based wastewater treatment for nutrients recovery: A
review. Bioresour Technol 291:. https://doi.org/10.1016/j.biortech.2019.121934

51. Lombardi AT, Wangersky PJ (1995) Particulate lipid class composition of three marine
phytoplankters Chaetoceros gracilis, Isochrysis galbana (Tahiti) and Dunaliella tertiolecta grown in
batch culture. Hydrobiologia 306:1–6. https://doi.org/10.1007/BF00007853

52. Ma X, Liu J, Liu B, et al (2016) Physiological and biochemical changes reveal stress-associated
photosynthetic carbon partitioning into triacylglycerol in the oleaginous marine alga
Nannochloropsis oculata. Algal Res 16:28–35. https://doi.org/10.1016/j.algal.2016.03.005

53. Martin GJO, Hill DRA, Olmstead ILD, et al (2014) Lipid pro�le remodeling in response to nitrogen
deprivation in the microalgae Chlorella sp. (Trebouxiophyceae) and Nannochloropsis sp.
(Eustigmatophyceae). PLoS One 9:e103389. https://doi.org/10.1371/journal.pone.0103389

54. Mishra SK, Suh WI, Farooq W, et al (2014) Rapid quanti�cation of microalgal lipids in aqueous
medium by a simple colorimetric method. Bioresour Technol 155:330–333.
https://doi.org/10.1016/j.biortech.2013.12.077

55. Mock T, Kroon BMA (2002) Photosynthetic energy conversion under extreme conditions - I: Important
role of lipids as structural modulators and energy sink under N-limited growth in Antarctic sea ice
diatoms. Phytochemistry 61:41–51. https://doi.org/10.1016/S0031-9422(02)00216-9

5�. Moshood TD, Nawanir G, Mahmud F (2021) Microalgae biofuels production: A systematic review on
socioeconomic prospects of microalgae biofuels and policy implications. Environ Challenges
5:100207. https://doi.org/10.1016/j.envc.2021.100207

57. Nagappan S, Das P, AbdulQuadir M, et al (2021) Potential of microalgae as a sustainable feed
ingredient for aquaculture. J Biotechnol 341:1–20. https://doi.org/10.1016/j.jbiotec.2021.09.003

5�. Nikookar K, Moradshahi A, Hosseini L (2005) Physiological responses of Dunaliella salina and
Dunaliella tertiolecta to copper toxicity. Biomol Eng 22:141–146.
https://doi.org/10.1016/j.bioeng.2005.07.001

59. Olofsson M, Lamela T, Nilsson E, et al (2014) Combined effects of nitrogen concentration and
seasonal changes on the production of lipids in Nannochloropsis oculata. Mar Drugs 12:1891–1910.
https://doi.org/10.3390/md12041891

�0. Paes CRPS, Faria GR, Tinoco NAB, et al (2016) Growth, nutrient uptake and chemical composition of
Chlorella sp. and Nannochloropsis oculata under nitrogen starvation. Lat Am J Aquat Res 44:275–
292. https://doi.org/10.3856/vol44-issue2-fulltext-9

�1. Pancha I, Chokshi K, George B, et al (2014) Nitrogen stress triggered biochemical and morphological
changes in the microalgae Scenedesmus sp. CCNM 1077. Bioresour Technol 156:146–154.
https://doi.org/10.1016/j.biortech.2014.01.025

�2. Panis G, Carreon JR (2016) Commercial astaxanthin production derived by green alga
Haematococcus pluvialis: A microalgae process model and a techno-economic assessment all



Page 23/27

through production line. Algal Res 18:175–190. https://doi.org/10.1016/j.algal.2016.06.007

�3. Qiao H, Cong C, Sun C, et al (2016) Effect of culture conditions on growth, fatty acid composition and
DHA/EPA ratio of Phaeodactylum tricornutum. Aquaculture 452:311–317.
https://doi.org/10.1016/j.aquaculture.2015.11.011

�4. Reitan KI, Rainuzzo JR, Øie G, Olsen Y (1997) A review of the nutritional effects of algae in marine
�sh larvae. Aquaculture 155:207–221. https://doi.org/10.1016/S0044-8486(97)00118-X

�5. Reitan KI, Rainuzzo JR, Olsen Y (1994) Effect of Nutrient Limitation on Fatty Acid and Lipid Content
of Marine Microalgae. J Phycol 30:972–979. https://doi.org/10.1111/j.0022-3646.1994.00972.x

��. Rizwan M, Mujtaba G, Memon SA, Lee K (2022) In�uence of salinity and nitrogen in dark on
Dunaliella tertiolecta’s lipid and carbohydrate productivity. Biofuels 13:475–481.
https://doi.org/10.1080/17597269.2020.1762275

�7. Rodol� L, Zittelli GC, Bassi N, et al (2009) Microalgae for oil: Strain selection, induction of lipid
synthesis and outdoor mass cultivation in a low-cost photobioreactor. Biotechnol Bioeng 102:100–
112. https://doi.org/10.1002/bit.22033

��. Sathasivam R, Radhakrishnan R, Hashem A, Abd_Allah EF (2019) Microalgae metabolites: A rich
source for food and medicine. Saudi J Biol Sci 26:709–722.
https://doi.org/10.1016/j.sjbs.2017.11.003

�9. Sathyamoorthy G, Rajendran T (2022) Growth and biochemical pro�ling of marine microalgae
Chlorella salina with response to nitrogen starvation. Mar Biol Res 18:307–314.
https://doi.org/10.1080/17451000.2022.2131823

70. Scott SA, Davey MP, Dennis JS, et al (2010) Biodiesel from algae: Challenges and prospects. Curr
Opin Biotechnol 21:277–286. https://doi.org/10.1016/j.copbio.2010.03.005

71. Shah MR, Lutzu GA, Alam A, et al (2018) Microalgae in aquafeeds for a sustainable aquaculture
industry. J Appl Phycol 30:197–213. https://doi.org/10.1007/s10811-017-1234-z

72. Shan Ahamed T, Brindhadevi K, Krishnan R, et al (2022) Invivo detection of triacylglycerols through
Nile red staining and quanti�cation of fatty acids in hyper lipid producer Nannochloropsis sp.
cultured under adequate nitrogen and de�cient nitrogen condition. Fuel 322:124179.
https://doi.org/10.1016/j.fuel.2022.124179

73. Shen XF, Liu JJ, Chauhan AS, et al (2016) Combining nitrogen starvation with su�cient phosphorus
supply for enhanced biodiesel productivity of Chlorella vulgaris fed on acetate. Algal Res 17:261–
267. https://doi.org/10.1016/j.algal.2016.05.018

74. Siaut M, Cuiné S, Cagnon C, et al (2011) Oil accumulation in the model green alga Chlamydomonas
reinhardtii: Characterization, variability between common laboratory strains and relationship with
starch reserves. BMC Biotechnol 11:1–15. https://doi.org/10.1186/1472-6750-11-7

75. Singh R, Parihar P, Singh M, et al (2017) Uncovering potential applications of cyanobacteria and
algal metabolites in biology, agriculture and medicine: Current status and future prospects. Front.
Microbiol. 8:515



Page 24/27

7�. Slocombe SP, Zhang Q, Ross M, et al (2015) Unlocking nature’s treasure-chest: Screening for
oleaginous algae. Sci Rep 5:1–17. https://doi.org/10.1038/srep09844

77. Song D, Xi B, Sun J (2016) Characterization of the growth, chlorophyll content and lipid
accumulation in a marine microalgae Dunaliella tertiolecta under different nitrogen to phosphorus
ratios. J Ocean Univ China 15:124–130. https://doi.org/10.1007/s11802-016-2797-z

7�. Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Commercial applications of microalgae. J
Biosci Bioeng 101:87–96. https://doi.org/10.1263/jbb.101.87

79. Stehfest K, Toepel J, Wilhelm C (2005) The application of micro-FTIR spectroscopy to analyze
nutrient stress-related changes in biomass composition of phytoplankton algae. Plant Physiol
Biochem 43:717–726. https://doi.org/10.1016/j.plaphy.2005.07.001

�0. Su CH, Chien LJ, Gomes J, et al (2011) Factors affecting lipid accumulation by Nannochloropsis
oculata in a two-stage cultivation process. J Appl Phycol 23:903–908.
https://doi.org/10.1007/s10811-010-9609-4

�1. Tan KWM, Lin H, Shen H, Lee YK (2016) Nitrogen-induced metabolic changes and molecular
determinants of carbon allocation in Dunaliella tertiolecta. Sci Rep 6:1–13.
https://doi.org/10.1038/srep37235

�2. Tebbani S, Lopes F, Filali R, et al (2014) CO 2 Bio�xation by Microalgae. John Wiley & Sons, Inc.,
Hoboken, NJ, USA

�3. Torres-Tiji Y, Fields FJ, May�eld SP (2020) Microalgae as a future food source. Biotechnol Adv 41:.
https://doi.org/10.1016/J.BIOTECHADV.2020.107536

�4. Van Vooren G, Le Grand F, Legrand J, et al (2012) Investigation of fatty acids accumulation in
Nannochloropsis oculata for biodiesel application. Bioresour Technol 124:421–432.
https://doi.org/10.1016/j.biortech.2012.08.009

�5. Venkata Subhash G, Rajvanshi M, Raja Krishna Kumar G, et al (2022) Challenges in microalgal
biofuel production: A perspective on techno economic feasibility under biore�nery stratagem.
Bioresour Technol 343:. https://doi.org/10.1016/J.BIORTECH.2021.126155

��. Xiao Y, Zhang J, Cui J, et al (2013) Metabolic pro�les of Nannochloropsis oceanica IMET1 under
nitrogen-de�ciency stress. Bioresour Technol 130:731–738.
https://doi.org/10.1016/j.biortech.2012.11.116

�7. Xu N, Zhang X, Fan X, et al (2001) Effects of nitrogen source and concentration on growth rate and
fatty acid composition of Ellipsoidion sp. (Eustigmatophyta). J Appl Phycol 13:463–469.
https://doi.org/10.1023/A:1012537219198

��. Yaakob MA, Mohamed RMSR, Al-Gheethi A, et al (2021) In�uence of Nitrogen and Phosphorus on
Microalgal Growth, Biomass, Lipid, and Fatty Acid Production: An Overview. Cells 10:1–19.
https://doi.org/10.3390/CELLS10020393

�9. Yalcin D (2020) Growth, lipid content, and fatty acid pro�le of freshwater cyanobacteria
Dolichospermum a�ne (Lemmermann) Wacklin, Hoffmann, & Komárek by using modi�ed nutrient
media. Aquac Int 28:1371–1388. https://doi.org/10.1007/s10499-020-00531-2



Page 25/27

90. Yarkent Ç, Gürlek C, Oncel SS (2020) Potential of microalgal compounds in trending natural
cosmetics: A review. Sustain Chem Pharm 17:100304. https://doi.org/10.1016/J.SCP.2020.100304

91. Yodsuwan N, Sawayama S, Sirisansaneeyakul S (2017) Effect of nitrogen concentration on growth,
lipid production and fatty acid pro�les of the marine diatom Phaeodactylum tricornutum. Agric Nat
Resour 51:190–197. https://doi.org/10.1016/j.anres.2017.02.004

92. Zanella L, Vianello F (2020) Microalgae of the genus Nannochloropsis: Chemical composition and
functional implications for human nutrition. J Funct Foods 68:103919.
https://doi.org/10.1016/J.JFF.2020.103919

93. Zarrinmehr MJ, Farhadian O, Heyrati FP, et al (2020) Effect of nitrogen concentration on the growth
rate and biochemical composition of the microalga, Isochrysis galbana. Egypt J Aquat Res 46:153–
158. https://doi.org/10.1016/j.ejar.2019.11.003

94. Zhila NO, Kalacheva GS, Volova TG (2005) In�uence of nitrogen de�ciency on biochemical
composition of the green alga Botryococcus. J Appl Phycol 17:309–315.
https://doi.org/10.1007/s10811-005-7212-x

95. Zhu LD, Li ZH, Hiltunen E (2016) Strategies for Lipid Production Improvement in Microalgae as a
Biodiesel Feedstock. Biomed Res Int 2016:. https://doi.org/10.1155/2016/8792548

9�. Zhu S, Huang W, Xu J, et al (2014) Metabolic changes of starch and lipid triggered by nitrogen
starvation in the microalga Chlorella zo�ngiensis. Bioresour Technol 152:292–298.
https://doi.org/10.1016/j.biortech.2013.10.092

Figures



Page 26/27

Figure 1

Changes in the optical density, cell number and dry weight of D. tertiolecta, N. oculata, P. tricornutum.
Values are presented as the mean ±standart deviation (n=3) square: control group, triangle: nitrogen
starvation group (N-)
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Figure 2

Fold changes of TAG, oligosaccharide and polysaccharide


