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Abstract
Dunaliella salina is a model chlorophyte microalga in studying carotenoid metabolism and osmoregulation. Nitrogen 

depletion plays an important role in inducing β-carotene accumulation of D. salina cells. However, the underlying 
mechanism is still unclear. In this study, the metabolic profiling of D. salina cells during the process of nitrogen 
deprivation was performed by gas chromatography-mass spectrometry. A total of 78 metabolites were identified and 
quantified, including 16 amino acids, 19 sugars, 13 organic acids, 11 alcohols, 11 fatty acids, 4 amines and 4 others. 
Nitrogen deprivation induced changes in saturation of fatty acids by increasing saturated fatty acids and decreasing 
polyunsaturated fatty acids in D. salina. The relative levels of metabolites such as sucrose, maltose and organic acids, 
which act as carbon skeleton, were increased, in contrast, glycerol, myo-inositol which are related to the osmoregulatory 
mechanism, kept constant under nitrogen deprivation condition. The levels of proline, glutamic acid and other metabolites, 
which were involved in protective function, were increased in nitrogen deprivation condition. The precursors of these 
metabolites are the intermediates of the Calvin cycle and the TCA cycle. The results of this research might be applicable 
to the interpretation of metabolic synthesis and fatty acid production during process of nitrogen deprivation and provide 
a new method for accumulating high amounts of carotenoids in D. salina. 
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Introduction 
The unicellular microalga D. salina is one of the richest sources of 

natural-carotene. It can withstand extremely harsh environments such 
as high light intensities, high salinities, and nutrients stress [1-3]. It 
can accumulate high amount of β-carotene which is more than 14% of 
its dry weight in its cup shaped chloroplast when subjected to abiotic 
stresses [4]. Most of the accumulated β-carotene is concentrated in 
intrachloroplastic lipoidal globules. Nowadays, it is widely believed 
that D. salina is the best commercial source of natural β-carotene 
among all organisms in the world [2,5-7]. 

Carotenoids are employed in the food, cosmetic and 
pharmaceutical industries as colorant, antioxidant and anti-cancer 
agent. Natural carotenoids produced by D. salina contain about 50% 
all-trans β-carotene with the rest composed mostly of cis-β-carotenes 
and minor amounts of a few other di-cis-β-carotene isomer. These 
compounds have antioxidant properties and have attracted attention 
as potential agent in prevention of cancers, which is superior to the 
artificially synthesized all-trans-β-carotene with a high ratio of 9-cis 
form to all-trans form [8-10]. Although D. salina is a good candidate 
of natural β-carotene source, their commercial application is still 
limited because of low productivity of the culture [11]. Nitrogen 
is an essential macronutrient for all organisms, and is widely used 
in biochemical processes. Nitrogen deprivation is one of the most 
potent environmental factors inducing β-carotene accumulation in D. 
salina [12]. However, little is known about the underlying regulatory 

mechanisms of the metabolic response to nitrogen deprivation. So far, 
there have been no reports on changes in metabolic profiles and FA 
production upon shifting to nitrogen deprivation conditions. In this 
study, the metabolomics of D. salina upon nitrogen deprivation were 
performed. Our results showed that cell growth, metabolite profiles, and 
FA production were altered during the process of nitrogen deprivation. 
The results, based on comprehensive metabolomics studies, might 
be applicable for optimizing culture conditions in D. salina or other 
microalgal systems for the production of biofuel and carotenoids or 
valuable compounds.

Materials and Method
Algae and cultivation conditions

D. salina cultured in the modified Johnson’s medium [13]
containing the following components: NaCl 60 g/L, MgCl2·7H2O 1.38 
g/L, MgSO4·7H2O 0.5 g/L, KCl 0.2 g/L, CaCl2 0.035 g/L, KNO3 0.5 g/L, 
NaHCO3 0.151 g/L, KH2PO4 0.043 g/L, Na2EDTA·2H2O 2.09 mg/L, 
FeC13·6H2O 2.44 mg/L,ZnCl2 41 μg/L, H3BO3 0.61 mg/L, CoCl2·6H2O 
51 μg/L, CuSO4·5H2O 60 μg/L, MnCl2·4H2O 41 μg/L, (NH4)6Mo7O24· 
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4H2O 0.38 mg/L. Cells were batch-cultured in 500 mL Erlenmeyer 
flasks containing 250 mL of medium under continuous illumination 
(60 μmol·m-2·s-1, fluorescent lamp, 400–700 nm), and the temperature 
was 30.0 ± 1.0°C. Cells were inoculated at 2.0 × 105 cell/ml. Cultures 
were manually shaken three times a day. All the cells were cultured for 
two 16/8 hour light/dark cycles to synchronize the growth phases before 
inoculation and thereafter transfer to continuous light conditions. For 
experiments performed under nitrogen deprivation, cells in the late 
exponential growth phase (the seventh day after nitrogen deprivation) 
were collected by centrifugation at 4,000 rpm for 5 min and re-
suspended in the same volume of the growth medium without nitrate 
for 3 times.

Cell density determination

Cell counts were performed every 2 days using haemacytometer. 
The cells were fixed by glutaraldehyde (0.25% final concentration ) for 
2 min, then counted by optical microscope (Olympus CX40, Japan) 
and haemacytometer for more than 3 times. All data in this study were 
processes by Origin 9.0.0 (OriginLab), statistical significance analyses 
were performed by SPSS v19.0 (IBM). One-way ANOVA followed by 
the Least Significant Difference Test (LSD) in the post hoc analysis was 
used in this study.

Extraction of intracellular metabolites  

The quenching and extraction processes were performed according 
to previously described method [14] with some modifications. In detail, 
samples were immediately quenched with pre-chilled -40°C 60% (v/v, 
methanol/water) methanol solution for 5 min. Cells were collected by 
centrifugation at 4,000 rpm for 5 min at 4°C and washed with sodium 
chloride solution (0.5 mol/L) thirdly. The cell pellets were immediately 
frozen in liquid nitrogen and ground into powder. The intracellular 
metabolites were extracted according to previously reported methods 
[15,16]. Briefly, 50 mg cell powder was suspended in 1 mL of pre-
chilled (-20°C) extraction solution (methanol/water, 1:1, v/v) and 5 
μL of internal standard solution (succinic acid, 2,2,3,3-d4, 1.5 mg/mL, 
Sigma, USA), then thoroughly mixed by vortexing. The mixture was 
frozen in liquid nitrogen for 2 min and then thawed, and the cycle was 
repeated for five times. The supernatant was collected by centrifugation 
at 10,000 rpm for 5 min and was then used for lyophilization.

Derivatization and GC-MS analysis 

Prior to GC-MS analysis, a two-step chemical derivatization was 
performed. Firstly, 50 μL of methoxamine hydrochloride (20 mg/
mL in pyridine, Sigma, USA) was added to the lyophilizate, and the 
mixture was incubated at 40°C for 80 min. Then, 80 μL of N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA, Sigma) was added to the 
samples, also incubated at 40°C for 80 min. At last, the samples were 
placed at room temperature for 2 hours.

GC-MS analysis was performed by using a GC-MS system (Agilent 
7890 GC-5975 MSC, USA) equipped with a HP-5 capillary column 
(60 m × 320 μm i.d., 0.25 μm film thickness; Agilent JandW Scientific, 
Folsom, CA, USA). 1 μL of sample was injected without a split ratio. 
Helium was used as the carrier gas at a constant flow rate of 1 mL/min. 
The electron impact ionization (70 eV) was set to full scan mode (m/z: 
50-800). The GC oven temperature for metabolomics was set to 70°C 
for 2 min, then raised to 290°C at a rate of 5°C/min, and maintained at 
290°C for 6 min. The GC oven temperature for fatty acid methyl esters 
analysis was set to 70°C for 2 min, followed by an increasing rate of 
8°C/min to 200°C, which was held for 2 min, then increased at a rate 
3°C/min to 245°C and maintained at 245°C for 6 min.

Extraction of fatty acid methyl esters

The fatty acids were extracted according to a modified method 
[17]. Briefly, 10 mg algae powder was suspended in 0.8 mL fatty acid 
extract (Trichloromethane:methanol, 2:1, v:v) and 10 μL (80 μg/mL) 
nonadecanoic acid (internal standard solution) was added and mixed 
thoroughly, and added 1.2 mL FAMES reagent (10% HCl-methanol, 
m:m) into the samples. The mixture was incubated at 80°C for 1 hour. 
Fatty acid methyl esters were extracted with 1 mL hexane and vortexed 
for 2 min. After centrifuge at 10000 rpm for 5 min, the hexane phase 
was used for further GC-MS analysis.

Data analysis and statistical analysis of GC-MS 

Typical total ion chromatograms (TIC) of the D. salina cells were 
obtained by GC-MS. The MSD Productivity ChemStation software 
(version E.02.01.1177 Agilent) was used for data analyses. The 
National Institute of Standards and Technology (NIST) mass spectral 
library 2011 (version 2.0 g) were used for metabolite identification. 
Unsupervised principal component analysis (PCA) was used for initial 
analysis. Supervised partial least-squares (PLS) analysis was used to 
further verify the differences and identify the metabolites responsible 
for distinguishing the three different growth phases. Both supervised 
PLS and unsupervised PCA were performed by SIMCA package (ver. 
11.5) (Umetrics, Umea, Sweden). Score plots of PLS and PCA were 
used to previewing the clustering effect. Loading plots of PCA and PLS 
were used for finding biomarkers. The relative contents of metabolites 
and fatty acids were calculated according to a previous method [18].

Results and Discussion
Effects of nitrogen deprivation on cell growth

Figure 1 shows the cell density of D. salina cells under nitrogen 
deprivation and complete medium (CM) conditions. The growth of 
cells was partially inhibited during in three day after inoculation and 
then decreased gradually under -N condition. The contents of total 
carotenoids and β-carotene were gradually increased and reached 4.77 
and 3.61 pg per cell, respectively, along with the extension of nitrogen 
deprivation. In contrast, the cells under CM condition could keep 
growing for 13 days and the contents of total carotenoids (2.29 pg per 
cell) and β-carotene (0.8783 pg per cell) were constant, and in the end 
of the cultivation, the density of cells was 10-fold than those cultured 

Figure 1: The effects of nitrogen deprivation on the cell growth of D. salina. 
Cell density was determined for 15 days after exposure to the different 
treatments. Plotted data are the averages ± SD of six replicates.
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in - N condition. These results indicated that the growth of cells was 
inhibited (P < 0.001) and carotenoids metabolism (P < 0.001) were 
activated by nitrogen deprivation. 

Effects of altered conditions on D. salina FA profiles

In this study, a total of 15 FAs were identified from D. salina under 
CM and -N conditions, including 3 saturated fatty acids (SFA) and 
12 unsaturated fatty acids (UFA). The total amount of cellular lipid 
was significantly higher (P < 0.001) under -N condition than those 
under CM condition. Some FAs only were identified in CM condition, 
e.g. 10-octadecenoic acid (18:1), 10, 13-eicosadienoic acid (20:2), 
5,8,11,14-eicosatetraenoic acid (20:4). The major FA components were 
9,12,15-octadecatrienoic acid (C18:3) (35%-38%), hexadecanoic acid 
(C16:0) (22%-27%). This FAs composition was similar to previous 
reports [17,19-21].

There were differences in the composition of saturated fatty acids 
(SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated 
fatty acids (PUFAs) when D. salina cells were cultivated under different 
conditions. Under -N condition, the levels of SFAs, especially C16:0, and 
the levels of PUFAs, including C18:2, C18:3, and C22:3, were higher, 
and MUFAs were lower than those under CM condition. The C18:1 
fatty acid was not detected in cells under -N condition. PUFAs play 
key roles in many biological functions including regulating membrane 
fluidity, oxygen and electron transport as well as thermal adaptation in 
cellular metabolism [22,23]. Therefore, the changes in PUFAs under 
–N condition is not surprising. The total FA of cells under –N condition 
was significantly increased compared to those under CM condition (P 
< 0.001). It was reported that nitrogen deprivation can induce increases 
in lipid content in D. viridis and D. tertiolecta [24-26], but can have no 
effect on lipid content of the cells of D. salina [1], the possible reason 
for the inconsistence were sampling time and the difference of light 
intensity used in cultivation.

Altogether, nitrogen deprivation of D. salina cells led to a 
decreased degree of UFAs (P < 0.001). This reduction in the degree 
of unsaturation was similar with previous report [12] and we also 
observed the trend correlated negatively with the intracellular content 
of total carotenoids and β-carotene. PUSAs are particularly sensitive to 
oxidation and the observed specific loss of unsaturated fatty acids upon 
nitrogen deprivation thus may implicate oxidative stresses occurred in 
cells [12]. Since β-carotene accumulation requires de novo synthesis of 
fatty acids for the formation of lipid globules [27], the increased levels 
of saturated and total fatty acids might reflect de novo synthesis of 
triacylglycerol molecules occurred within the lipid globules. 

Effects of nitrogen deprivation on intracellular metabolites of 
D. salina

To investigate the effect of nitrogen deprivation on intracellular 
metabolites of D. salina, the metabolites were extracted by methanol 
and water, and analyzed by GC-MS. In the total ion chromatogram, 
more than 250 chromatographic peaks were detected in each sample. 
To screen for valid metabolites, the initial GC peak width and initial 
threshold were set to 0.1 and 15.0, respectively. By comparing with the 
NIST library and filtering for match degrees greater than 700, seventy-
eight metabolites could be assigned to the detected peaks, including 
16 amino acids, 19 sugars, 13 organic acids, 11 lipids, 11 alcohols, 4 
amine and 4 others (Table 1). The intensities of the majority of these 
metabolites undergo marked changes by shifting conditions to -N. To 
study changes in the intracellular metabolites, multivariate statistical 
analysis was performed by PCA and PLS. The results show that both 

models were well constructed with excellent fit and satisfactory 
predictive ability. The unsupervised clustering method PCA was used 
to identify and rank major metabolites of variance within the two data 
sets. Based on similarities and differences in the measured parameters, 
PCA was able to cluster biological samples into both expected and 
unexpected groups. Samples in -N and CM conditions were separated 
clearly on the PCA and PLS score plot (Figures 2A-2D), and different 
repetitions of the same sample could be clustered together closely. In 
PCA analysis, the first principal component (PC1) accounted for 93.3% 
of the total variance among the two different conditions. The PC1 
and PC2 (these two components account for 99.1% of the variance) 
could explain the different of the two conditions, which showed that 
the intracellular metabolites of D. salina differed faced to shifting 
conditions. The supervised clustering method PLS was used to further 
validate the differences between the two conditions. The results of 
PLS were similar to that of PCA, and further validated the differences 
between two cultivation conditions.

In the score plots, the confidence interval is defined by Hotelling’s 
T2 ellipse (95% confidence interval), and observations outside the 
confidence ellipse are considered outliers. The relative intensity of 
each metabolite peak is expressed as the ratio of the peak area to that 
of the internal standard. Normalized peak areas were imported into 
SIMCA-P for multivariate statistical analysis.

The loading plots of PCA and PLS were used to analyze the 
contribution of each metabolite to the principal components, and 
selected the main biomarkers from metabolites. The result showed 
that the potential biomarkers identified by PCA loading plots were 
sucrose, glycerol, octadecanoic acid, hexadecanoic acid, 13-docosenoic 
acid, lactic acid, 11-eicosenoic acid, cadaverine, α-ketoglutaric acid 
and 9-Octadecenoic acid. The potential biomarkers identified by PLS 
were similar to PCA. The VIP coefficients reflect the contribution of 
each metabolite to the PLS models. A higher VIP value shows that the 
metabolite has a larger contribution (Figure 3). Finally, six potential 
biomarkers that made relatively high contributions to both the PCA 
and PLS loading plots were identified: 13-docosenoic acid, sucrose, 
lactic acid, 9-Octadecenoic acid, hexadecanoic acid, octadecanoic acid, 
11-eicosenoic acid and α-ketoglutaric acid. 

It was reported that nitrogen starvation leads to a reduction of de 
novo amino acid biosynthesis [28], however, our results showed that 
the contents of leucine, threonine, ornithine, proline and glutamic 
acid were increased. On the other hand, the levels of maltose and 
sucrose were increased, while the levels of glycerol and myo-inositol 
had no significant changes between -N and CM conditions. This result 
is consistent with the truth of constant salinities between the two 
culturing conditions [29,30]. Sucrose and maltose is the major product 
of photosynthesis in plants, and play important roles in carbohydrate 
storage and stress responses [31]. Our results showed that cells prefer 
to synthesize metabolites without nitrogen, e.g. sugars, organic 
acids (Figure 4A), fatty acids (Table 2) when subjected to nutrients 
deprivation, especially nitrogen deprivation.

Many plants when were subjected to stresses can accumulate high 
levels of proline and glutamic acid. Proline and glutamic acid can 
stabilize the cell membrane structure, scavenge free radicals, and can 
be used as nitrogen and carbon frame also provide the energy for plants 
[32-34]. Besides those two amino acids, ornithine generating from urea 
cycle plays an important role in the metabolism of organisms, and is 
the substrate of arginine and citrulline and so on. Citrulline also is 
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Figure 2: PCA score plot (A), PCA loading plot (B), PLS score plot (C) and PCA loading plot (D) for samples from D. salina in two conditions
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Class Components Cultivation Conditions
-N CM

Amino acids N, N-Dimethylglycine 10.13 ± 2.15 26.39 ± 7.43

Valine 8.04 ± 1.37 9.26 ± 1.37

Alanine 10.22 ± 0.86 27.38 ± 5.11

Leucine 12.24 ± 0.33 4.74 ± 0.98

Isoleucine 2.47 ± 0.23 3.31 ± 0.30

Norvaline 3.60 ± 0.44 7.19 ± 0.48

Serine 24.38 ± 0.77 34.38 ± 2.15

Threonine 25.67 ± 0.44 17.50 ± 1.31

Serine 9.07 ± 0.89 16.70 ± 4.89

N, O, O-Tris(trimethylsilyl)-L-threonine 7.01 ± 0.55 6.17 ± 1.00

Ornithine 356.86 ± 11.19 306.86 ± 56.10

N-α-Acetyl-L-Lysine 17.55 ± 1.49 7.85 ± 0.73

Proline 160.15 ± 14.51 103.07 ± 22.19

Glycyl-l-glutamic acid 115.00 ± 10.56 117.29 ± 18.80

Glutamic acid 44.60 ± 13.47 23.96 ± 9.98

Lysine N.D. 37.36 ± 15.17

Sugars Erythrose 21.87 ± 0.84 N.D.

Trehalose 16.70 ± 0.40 13.25 ± 1.61

Ribose 5.08 ± 0.35 13.23 ± 2.11

Tagatose 6.91 ± 0.10 N.D.

Sorbose 10.39 ± 0.24 N.D.

Fructose 6.55 ± 0.05 N.D.

Galactose 14.38 ± 0.23 28.70 ± 3.34

Talose 14.64 ± 0.29 10.90 ± 0.27

Mannose 5.23 ± 0.26 N.D.

Glucose 18.19 ± 1.49 7.80 ± 0.94

2-Deoxy-D-ribose 45.35 ± 1.48 N.D.

Erythro-Pentose 2.97 ± 0.26 53.94 ± 5.19

erythro-2-Pentulose 100.32 ± 3.18 N.D.

Maltose 11.08 ± 0.97 N.D.

Lactose 22.79 ± 1.83 42.99 ± 1.00

Fructose 33.90 ± 2.38 N.D.

Mannose 94.11 ± 5.73 26.40 ± 0.94

Sucrose 747.27 ± 41.04 222.32 ± 14.67

Cellobiose 22.46 ± 1.57 2.52 ± 0.46

Fatty Acids Nonanoic acid N.D. 15.45 ± 2.00

Dodecanoic acid N.D. 4.37 ± 0.22

Hexadecanoic acid 412.85 ± 20.72 629.58 ± 12.80

9-Octadecenoic acid N.D. 382.06 ± 35.98

Tetradecanoic acid 29.88 ± 4.66 N.D.

11-Eicosenoic acid N.D. 154.40 ± 8.37

13-Eicosenoic acid N.D. 60.39 ± 4.14

Decanoic acid N.D. 4.03 ± 0.29

13-Docosenoic acid N.D. 553.77 ± 29.78

Docosanoic acid N.D. 54.09 ± 4.96

Octadecanoic acid 360.81 ± 19.35 558.26 ± 11.98
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a scavenger of oxygen free radicals. Consistent with previous report 
[32-34], the three amino acids of cells under -N condition were also 
increased in our study. Similarly, the monosaccharides with protective 
function were increased in cells under -N condition, e.g. trehalose, 
talose, sorbose (Figure 4B).

It has been reported that the contents of amino acids of cells are 
directly related to their metabolic precursors and alanine, pyruvic acid 
is precursor of valine, leucine and isoleucine [35,36]. In the present 
study, synthetic precursors of most of the detected amino acids are 
the intermediates of the Calvin cycle and the TCA cycle. Alanine, 
valine, isoleucine in cells under -N condition were reduced to 37.3%, 
87.5% and 75.2% compared to those under CM condition (Figure 
5). The precursor of proline and glutamic acid is α-ketoglutarate, 
which is also an important intermediate of the TCA cycle. The level 
of α-ketoglutarate in cells under -N condition was 3.5-fold increase 
compared to those under CM condition. Therefore, increased levels of 
sucrose and ornithine implicated that the metabolic intermediates of 
the Calvin cycle and urea cycle were increased. 

Conclusion 
In this study, the saturation of FAs was higher under -N 

condition, and was caused by significant decreases in UFAs and 
increases in SFAs in D. salina cells. A total of 79 metabolites were 
identified and quantified through GC-MS in -N and CM conditions. 
In different cultivation conditions, the intracellular metabolisms of 
D. salina were changed significantly (Figure 6). The relative levels of 
metabolites acting as ergastic substances, such as sucrose, maltose, 
were significantly increased by -N shifts. When nitrogen limited, the 
metabolic intermediates of the Calvin cycle, part of TCA cycle and 
urea cycle were significantly increased. The cells of D. salina preferred 
to synthesis metabolites without nitrogen e.g. organic acid and fatty 
acids rather than the amino acids, but many metabolites such as proline 
and glutamic acid with protective function were increased. Future 
studies will be performed to investigate the mechanisms of metabolites 
and FA profiles using multi-omics approaches, such as genomics, 
transcriptomics, proteomics, and metabolomics in different nutrient 
deprivations, e.g. phosphorus and sulfur.

Oganic acid Lactic acid 532.74 ± 12.16 141.92 ± 17.13

Acetic acid 5.74 ± 0.41 5.04 ± 0.28

Ethanedioic acid 299.52 ± 7.51 351.87 ± 15.17

2,3,4-Trihydroxybutyric acid 7.97 ± 0.94 7.48 ± 0.29

Pentanedioic acid 40.03 ± 0.56 25.38 ± 0.74

Phosphoric acid 115.16 ± 3.44 36.32 ± 1.16

Azelaic acid 9.74 ± 3.47 56.63 ± 7.57

Propanoic acid 67.39 ± 3.01 90.56 ± 6.25

α-Ketoglutaric acid 156.81 ± 2.51 45.21 ± 2.36

Sebacic acid N.D. 20.99 ± 0.71

Butanoic acid 4.83 ± 0.32 N.D.

Deoxycholic acid 4.30 ± 0.22 6.64 ± 1.14

L-Ascorbic acid 22.03 ± 1.70 10.81 ± 2.24

Alcohols Glycerol 2596.94 ± 70.61 2697.75 ± 249.25

Pentitol 19.19 ± 0.19 18.15 ± 1.26

Erythro-Pentitol 14.49 ± 0.95 13.53 ± 1.41

Arabitol 13.64 ± 0.29 15.74 ± 1.45

Xylitol 14.61 ± 0.28 9.93 ± 0.15

Adonitol 59.65 ± 0.76 46.88 ± 8.74

Fucitol 3.81 ± 0.16 N.D.

Mannitol N.D. 19.25 ± 0.46

Sorbitol N.D. 4.91 ± 0.42

Myo-Inositol 28.48 ± 0.50 28.14 ± 3.52

meso-Erythritol 49.13 ± 0.49 36.83 ± 0.32

Amines Acetamide 35.39 ± 4.85 79.16 ± 16.48

Cadaverine 185.69 ± 8.06 161.49 ± 30.91

3-methylol-methylamine 40.97 ± 0.37 24.46 ± 0.32

Urea 3.81 ± 0.89 5.98 ± 0.68

Others Unknown 1 187.36 ± 10.61 188.11 ± 45.62

Unknown2 30.31 ± 1.96 N.D.

Unknown3 12.83 ± 0.15 16.03 ± 0.94

Unknown 4 39.70 ± 0.51 N.D.

Table 1: Metabolites of D. salina cultivated under different conditions. Data are shown as the mean ± SD values for 4 measurements. N.D, Not Detected.
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Figure 3: Diagram showing changes in metabolite abundance mapped onto the metabolic network, including the Calvin cycle, the TCA cycle, amino acid metabolic 
pathway and other pathways. The left of each column diagram is -N condition, the right is CM condition.

FA Cx:y D. salina based FA composition (%)
-N CM

Tridecanoic acid (13:0) 0.65 ± 0.02 0.45 ± 0.02
Hexadecanoic acid (16:0) 27.71 ± 0.39 22.96 ± 0.39
Heptadecanoic acid (17:0) 0.82 ± 0.17 0.81 ± 0.09

∑SFA 29.19 ± 0.59 24.23 ± 0.50
9-Hexadecenoic acid (16:1) 1.83 ± 0.34 2.28 ± 0.04
10-Octadecenoic acid (18:1) N.D. 0.17 ± 0.04

∑MUFA 1.83 ± 0.34 2.45 ± 0.08
7,10-Hexadecadienoic acid (16:2) 3.08 ± 0.11 3.45 ± 0.09
7,10-Octadecadienoic acid (18:2) 0.96 ±  0.03 0.85 ± 0.23
9,12-Octadecadienoic acid (18:2) 12.30 ± 0.14 11.47 ± 0.07
10,13-Eicosadienoic acid (20:2) N.D. 0.22 ± 0.01

γ-Linolenic acid (16:3) 1.22 ± 0.05 1.22 ± 0.34
9,12,15-Octadecatrienoic acid (18:3) 38.10 ± 1.06 35.43 ± 0.36
cis-5,8,11-Eicosatrienoic acid (20:3) 3.19 ± 0.24 3.87 ± 0.06

5,8,11,14-Eicosatetraenoic acid (20:4) N.D. 3.65 ± 0.14
6,9,12,15-Docosatetraenoic acid (22:4) 0.93 ± 0.15 0.75 ± 0.04

4,7,10,13,16,19-Docosahexaenoic acid (22:6) 9.19 ± 0.41 11.73 ± 0.17
∑PUFA 68.98 ± 2.22 72.68 ± 0.96
∑UFA 70.81 ± 2.56 75.13 ± 1.04

Total FA 669.23 ± 29.23 546.97 ± 13.82

Table 2: Fatty acid (FA) composition (%) and total FAs relative intensities of D. salina cultivated under two conditions
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Figure 4: Organic acid (A) and protective components (B) identified in D. salina under -N and CM conditions.

 
Val: Valine; Ala: Alanine; Leu: Leucine; Ile: Isoleucine; Ser: Serine; Orn: 
Ornithine Thr: Threonine; Pro: Proline; Glu: Glutamic acid; Lys: Lysine; The 
data shown are the averages ± SD of four replicates.

Figure 5: Amino acids identified in D. salina under -N and CM conditions.

 

Figure 6: VIP results of samples from D. salina in two cultivation conditions.
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