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Abstract
Microalgae are considered feedstock for biodiesel production due to their capability to accumulate triacylglycerols, which 
have a 99% conversion rate into biodiesel, under certain conditions. This study aims to evaluate thirty native microalgal 
strains as feedstock for biodiesel production based on their biomass and lipid productivities, and total lipid and triacylglycerol 
contents under nitrogen-sufficient and nitrogen starvation conditions. In addition, Chlamydomonas reinhardtii cw15 mutant 
strain was utilized as a reference strain for triacylglycerol accumulation. Among the eight potent strains, Chlorella vulgaris 
KP2 was considered as a most promising strain with the highest triacylglycerol content, highest total lipid content (28.56% 
of dry cell weight), and the highest lipid productivity (4.56 mg/L/day) under nitrogen starvation. Under nitrogen starvation, 
the major fatty acids in the triacylglycerol of Chlorella vulgaris KP2 were C18:1 (37.56%), C16:0 (23.16%), C18:0 (23.07), 
C18:2 (7.00%), and C18:3 (3.12%), and the percentages of saturated fatty acids, monounsaturated fatty acids, and polyun-
saturated fatty acids represented 49.26, 38.73, and 10.12% of the total fatty acids, respectively. Furthermore, the fatty acid 
methyl esters of triacylglycerol displayed remarkable biodiesel properties with a lower iodine value (59.00  gI2/100 g), higher 
oxidative stability (14.24 h) and higher cetane number (58.73) under nitrogen starvation. This study suggests that nitrogen-
starved Chlorella vulgaris KP2 could be used as a feedstock for biodiesel production due to the considerable amounts of 
triacylglycerol and favorable biodiesel properties.

Introduction

Efforts to develop renewable, sustainable, and environmen-
tal-friendly energy sources such as biodiesel have acceler-
ated due to the increase in fossil fuel consumption,  CO2 
greenhouse gas emissions, and the global demand for energy 
in recent years. Microalgae are one of the promising organ-
isms for third-generation biofuels due to their fast growth 
rates and higher lipid productivity compared to the best oil-
producing plants [1]. Microalgae have other advantages, 
such as the ability to be cultivated in areas not suitable for 
agriculture using water sources such as brackish water, urban 
wastewater, and industrial wastewater [2]. In addition, many 

microalgae species can synthesize high amounts of triacylg-
lycerol (TAG), which is the major form of storage lipids, and 
fatty acid compounds similar to vegetable oils [3].

The lipid content of microalgae is between 20 and 50% 
of dry weight on average, depending on the algal strain and 
growth conditions [4]. As an exception, the lipid content 
of Botryococcus braunii is 75% of its dry weight, but this 
strain has extremely slow growth kinetics [5]. Therefore, the 
selection of microalgae strains with high lipid productivity 
is an important criterion for sustainable biodiesel produc-
tion. Chlorella vulgaris, Scenedesmus, Acutodesmus, Ank-
istrodesmus falcatus, and Mychonastes species have been 
reported as potential candidates for biodiesel production 
because of their high lipid productivities when grown under 
certain stress conditions [6–10].

Nitrogen starvation in culture medium is an ideal stress 
condition under which to promote the accumulation of 
high amounts of cellular lipids and TAGs, which are the 
raw materials of biodiesel [11]. Moreover, in the absence 
of nitrogen, the amount of monounsaturated fatty acids 
(MUFAs) improving biodiesel quality increases in many 
microalgae species (especially C18:1 or C16:1 fatty acids), 
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whereas the amount of polyunsaturated fatty acids (PUFAs) 
negatively affecting the oxidation stability of the biodiesel 
decreases [12].

Turkey is in 36th place globally in biodiesel production, 
with a production of 1.3 thousand barrels per day [13]. Fur-
thermore, considering that Turkey’s external dependence 
on energy is approximately 75% [14], studies should be 
conducted to discover microalgae species in Turkey with 
promising biodiesel production potential. In this study, 30 
microalgae were isolated from local water systems in Turkey 
and determined isolates having high TAG content and high 
lipid productivity under nitrogen starvation. Selected micro-
algae isolates were identified based on sequencing of the 
ITS1-5.8S-ITS2 region or 18S rRNA gene, and determined 
the fatty acid profile of the most potent isolate. The aim 
of the present study is to investigate the potential of using 
microalgae as sources of biodiesel production.

Materials and Methods

Microalgae Isolation and Cultivation

A total of thirty microalgae were isolated from several 
freshwater sources in Turkey. Water samples were collected 
from Koçpınar spring water in Aksaray Province, Salt Lake 
(Tuz gölü) in Middle Anatolia, Gölbaşı Lake in Adıyaman 
Province, Beşgöz River in Antalya Province, Beyşehir and 
Cihanbeyli Lakes in Konya Province, an industrial wastewa-
ter and Kızılırmak River in Nevşehir Province, and Saklıkent 
Canyon in Muğla Province. For the isolation process, 5 mL 
of freshwater samples were transferred to each 100 mL 
flasks containing 45 mL of sterilized BG11 medium [15], 
and 5 mL of saltwater samples were inoculated to Modified 
Johnson’s medium [16].

Each flask was incubated for grown of microalgae at 
room temperature and under continuous illumination 
(Philips, extreme cool daylight, 1050 lm) for 3–4 weeks. 
After incubation, 100 µL of growing microalgae mixed 
culture was streaked on to Petri plates containing the dif-
ferent culture media with 1.25% (w/v) of bacteriological 
agar, and the plates were kept at room temperature and 
under continuous light until microalgae colonies appeared. 
Single colonies were then transferred into a tube having 
suitable a growth medium and tubes were incubated under 
the conditions as described above. The purity of the cul-
ture was validated by repeated microscopic observation. In 
addition to the native isolates, the Chlamydomonas rein-
hardtii CC-400 (cw15 mt +) cell wall-less mutant strain, 
which is known as a good TAG accumulator under nitro-
gen starvation [17], was included in this study. The mutant 
strain was obtained from the Chlamydomonas Resource 
Center at the University of Minnesota, and it was grown in 

Tris–acetate-phosphate (TAP) medium under same condi-
tions with the other microalgal isolates. Locations of water 
sources and cultivation media of 30 microalgae isolates are 
shown in Table 1. Among 30 isolates, eight isolates were 
selected based on their TAG and lipid contents, lipid and 
biomass productivities.

Microscopic Observation of Microalgae Isolates

Microscopic images of selected eight microalgae species 
were taken using a light microscope (Olympus BX53) 
attached to a digital camera (Olympus DP26). Cell images 
were collected at × 1000 magnification. Fluorescence micro-
scope was used to visualization of lipid bodies in the cells 
of the most potent isolate. Cells were stained with Nile Red, 
then observed under green fluorescence using a fluorescence 
microscope (OPTO-EDU, model A16.0204) at × 1000 
magnification.

DNA Extraction, Amplification and Sequencing

To perform genomic DNA extraction from selected eight 
microalgal isolates, algal cells (50 mL of culture) were col-
lected, frozen in liquid nitrogen and pulverized with a mortar 
and a pestle. Subsequently, genomic DNA extraction was 
performed using a Genomic DNA Purification Kit (Thermo, 
K0512). For the identification of seven microalgae isolates, 
PCR amplification was performed using the ITS1-F (5′-AGG 
AGA AGT CGT AAC AAG GT-3′) and ITS4-R (5′-TCC TCC 
GCT TAT TGA TAT GC-3′) primers developed by [18]. For 
only one isolate (KPX4), PCR amplification was carried out 
using the following primers: 18S-F (5′-GCG GTA ATT CCA 
GCT CCA ATAGC-3) and 18S-R (5′-GAC CAT ACT CCC 
CCC GGA ACC-3′).

The 60 µL PCR reaction mix consisted of 45.75 µL of 
ultrapure water, 5 µL of 10 × PCR buffer, 2.5 µL of 2.5 mM 
dNTPs, 1.75 µL of 25 mM  MgCl2, 1.25 µL of each primer 
(5 µM), 0.5 µL of Taq DNA polymerase (5 U/µL) and 2 µL 
of DNA template (50 ng/µL). The PCR thermal cycling pro-
file was as follows: initial denaturation at 94 °C for 5 min; 40 
cycles of 95 °C for 45 s, 59 °C for 45 s, and 72 °C for 45 s; 
and final extension at 72 °C for 5 min. PCR products were 
controlled by gel electrophoresis on 2% agarose gel in 0.5X 
TBE buffer stained with ethidium bromide and visualized 
by a UV transilluminator prior to sequencing. PCR products 
were then sent to Sentegen Biotech in Ankara Province, Tur-
key, for purification and sequencing.

Sequence Data Analysis and Phylogenetic Tree 
Construction

Sequences were analyzed using the NCBI/BLAST pro-
gram for similarities to microalgae sequences in the 
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NCBI DNA sequence database. A total of 48 nucleotide 
sequences showing the highest similarity scores to the 
query sequences were retrieved from GenBank sequence 
databases at NCBI. Multiple sequence alignment was per-
formed among the retrieved and query sequences using 
ClustalW under default parameters using MEGA7 soft-
ware. The dendrogram was constructed using the Maxi-
mum Likelihood method based on the Tamura-Nei model 
under default parameters using MEGA7 software. A phy-
logenetic test using the bootstrap method (1000 replicates) 
was used.

Nitrogen Starvation Treatment for Lipid Induction

For nitrogen starvation, all nitrogen sources in cultivation 
media were completely removed. A two-stage cultivation 
was used to grow microalgae in a complete medium and a 
nitrogen-free medium. In the first stage, microalgae isolates 
were cultivated in complete medium for 12 − 15 days in a 
minitron incubator (Infors HT), at 23 °C, a 12:12 h light/dark 
photoperiod, and shaking at 90 rpm. In the second stage, 
20 mL of cell suspension  (OD680 = 1.0) was centrifuged to 
collect cells, the supernatant was discarded, and the cell 

Table 1  Locations, geographic positions, and cultivation media of the 30 microalgal isolates

MJM Modified Johnson’s medium

Isolates Locations Geographic positions Cultivation media

Freshwater microalgae
 KP2 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KP3 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KP5/1 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KP5/2 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX1 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX2 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX3 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX4 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX5 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 KPX6 Koçpınar Village-Aksaray 38°13′09.5"N 34°11′31.4"E BG11
 M12 Gölbaşı Lake-Adıyaman 37°47′55.2"N 37°38′47.3"E BG11
 S1 Saklıkent Canyon-Muğla 36°28′25.0"N 29°24′06.6"E BG11
 M16 Cihanbeyli Lake-Konya 38°38′34.7"N 32°55′07.3"E BG11
 B1 Beşgöz River-Antalya 36°52′09.8"N 30°58′24.2"E BG11
 M19 Beyşehir Lake-Konya 37°48′38.8"N 31°31′24.4"E BG11
 G1 Kızılırmak River-Gülşehir 38°44′57.0"N 34°39′09.2"E BG11
 G2 Kızılırmak River-Gülşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA7 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA13 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA21 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 M11 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA20 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA22 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA15 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11
 EA25 Kızılırmak River-Nevşehir 38°43′06.3"N 34°49′52.4"E BG11

Saltwater microalgae
 EA1 Tuz Gölü-Aksaray 38°47′31.0"N 33°20′57.3"E MJM
 TG1 Tuz Gölü-Aksaray 38°47′31.0"N 33°20′57.3"E MJM
 TG4 Tuz Gölü-Aksaray 38°47′31.0"N 33°20′57.3"E MJM
 TG5 Tuz Gölü-Aksaray 38°47′31.0"N 33°20′57.3"E MJM
 TG6 Tuz Gölü-Aksaray 38°47′31.0"N 33°20′57.3"E MJM
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pellet was then resuspended in either complete medium or 
nitrogen-free medium. Twenty mL of cell suspension was 
transferred into 80 mL each of nitrogen-free medium and 
complete medium, and 100 mL each of complete medium 
and nitrogen-free medium and were incubated for seven days 
in an incubator under the conditions as noted above. After 
incubation, cells were collected for further analysis and all 
experiments were performed in duplicate for each treatment.

Quantification of Total Lipid Content

Total lipid (TL) quantification was performed using 
the  spectrophotometric sulfo-phospho-vanillin (SPV) 
method according to [19]. The SPV method was used for TL 
quantification due to the disadvantages of gravimetric meth-
ods, which are time-consuming and require the use of toxic 
chemicals and a large amount of dry biomass. One mL of 
cell culture was used for this analysis and the calibration was 
carried out simultaneously using canola oil (Sigma, 46961) 
as the standard. TL content was expressed as percentage of 
dry cell weight.

Determination of Biomass and Lipid Productivity

Biomass productivity was calculated based on Eq. (1),

where  N1 and  N2 are defined as the biomass concentration 
(mg/L) at time 1  (t1) and time 2  (t2), respectively. To main-
tain dry biomass, freshwater microalgae cells were harvested 
by centrifugation and supernatant discarded, and pellets 
were washed twice with distilled water, dried at 65 °C for 
24 h, and the dry weight determined gravimetrically. Excep-
tionally, cell pellets of salt water microalgae isolates were 
washed twice with 0.5 M ammonium formate before drying. 
Lipid productivity was calculated via Eq. (2),

TAG and HPTLC Analysis

The Nile red staining method described by [20] was 
used to qualitatively analyze intracellular TAGs. For all 
isolates, 100 µL of cell culture were transferred into a 
black 96-well plate containing 50 µL of dimethyl sulfox-
ide (DMSO), 45 µL of phosphate buffered saline (PBS, 
1X) and 5 µL of Nile red (Sigma, 72485) stock solution 
(0.04 mg/mL in acetone). The black 96-well plate was 

(1)Biomass productivity (mg∕L∕day) =
N2 − N1

t2 − t1

(2)

Lipid productivity (mg∕L∕day) = Biomass productivity

× Lipid content (%)

incubated at 40 °C in the dark for 15 min. After the cells 
were stained, intracellular TAGs were measured based 
on relative fluorescence units (RFU) using a spectrofluo-
rometer (Spectramax Gemini XPS, Molecular Devices) 
at excitation/emission wavelengths of 520/580 nm with 
a 570 nm cut-off.

Separation of neutral lipids and TAG visualization 
were also carried out by high performance thin layer 
chromatography (HPTLC). For selected microalgal iso-
lates, TAG were extracted using n-hexane:isopropanol 
(3:2, v/v) containing a 0.01% butylated hydroxytoluene 
solvent mixture [21]. Five µL of extract was loaded onto a 
silica 60 HPTLC plate (Merck, 113748) and neutral lipids 
were separated using n-hexane:diethyl ether:acetic acid 
(70:30:1, v/v/v). After separation, the plates were air-
dried, dipped into a reagent (8% (w/v)  H3PO4 containing 
10% (w/v)  CuSO4·5H2O) for 5 s and charred for 8 min at 
180 °C. TAG bands were identified by co-migration with 
triolein (Sigma, T7140) used as a TAG standard.

Fatty Acid Analysis of Total Lipid and TAG 

Fatty acid compositions of TL and TAG were determined 
for the most potent microalgal isolate. FAMEs were pre-
pared from TL and TAG extracts using acid-catalyzed 
transesterification as reported by [22] with little modifica-
tions. TL was extracted according to [23]. For acidic trans-
esterification of total lipid, TL extracts solved in 0.4 mL 
toluene was mixed with 1 mL of 98%  H2SO4 in methanol 
(2.5%, v/v) in a glass screw cap tube. The tube was incu-
bated at 50 °C for 24 h. Then water (0.5 mL) and n-hexane 
(0.7 mL) were added. The mixture was mixed for 2 − 3 min 
followed by a centrifugation and the upper hexane layer 
was collected to determine the profile of FAME.

For acidic transesterification of TAGs, TAG separation 
was performed by HPTLC as described in section TAG 
and HPTLC analysis. After separation, TAG bands were 
visualized using iodine vapor, recovered from the plate, 
and the fractions were transferred into glass tubes. Subse-
quently, transesterification process of TAG was performed 
by acidic transesterification as noted above. FAMEs 
were analyzed by an Agilent HP GC 6890 gas chroma-
tograph equipped with a flame ionization detector (FID). 
Samples were loaded onto a 100 m × 0.25 mm diameter 
0.20 μm film HP-88 capillary column with helium as the 
carrier gas. The initial temperature was 120 °C, ramped 
10 °C min−1 to 175 °C where it held for 10 min, increased 
to 210 °C at a rate of 5 °C min−1 where it held for 15 min, 
and was lastly ramped to 230 °C at a rate of 5 °C min−1 
and held for 5 min. FAMEs were identified by comparison 
to the retention times of authentic standards.
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Estimation of Key Biodiesel Properties

In this study, the key biodiesel properties such as kine-
matic viscosity, specific gravity, cloud point, cetane num-
ber, iodine value, and higher heating value were calculated 
from FAME profiles using the Eqs. (4)−(9) described by 
[24] In addition, oxidation stability were predicted using 
the Eq. (10) described by [25]. The Average Degree of 
Unsaturation (ADU) was calculated based on Eq. (3):

where ADU is the average degree of unsaturation of micro-
algal oil; Yi is the mass fraction of each FA constituent; M 
is the number of carbon–carbon double bonds in each FA 
constituent.

where x is the ADU.

where X is the content of linoleic and linolenic acids (wt%) 
( 0 < X < 100 ); and Y is the oxidation stability in hours.

Statistical Analysis

All experiments, except fatty acid and HPTLC analyses, 
were carried out in triplicate and data were saved as means 
with standard deviations. The unpaired two-tailed t tests 
were applied to determine statistical differences between 
the data collected from nitrogen- sufficient (N +) and 
nitrogen starvation (N −) conditions for each isolate using 
GraphPad software (v8.0). The significance level was set 
at P < 0.05.

(3)ADU =
∑

M × Y
i

(4)Kinematic viscosity = −0.6316x + 5.2065

(5)Specific gravity = 0.0055x + 0.8726

(6)Cloud point = −13.356x + 19.994

(7)Cetane number = −6.6684x + 62.876

(8)Iodine value = 74.373x + 12.71

(9)Higher heating value = 1.7601x + 38.534

(10)Y =
117.9295

X
+ 2.5905(0 < 100)

Accession Numbers

Sequence data obtained in this study have been deposited 
in the NCBI database under accession numbers MT340971 
to MT340978. The accession numbers are listed in Table 3.

Results

The TL contents, relative TAG contents, biomass productivi-
ties, and lipid productivities of 30 microalgal isolates were 
determined under N + and N − conditions (Table 2). The TL 
contents ranged between 6.84 and 31.96% under N − and 
ranged between 3.44 and 10.86% under N + conditions. The 
RFU values ranged from 0.57 to 138.43 under N − condi-
tion and ranged from 0.19 to 43.43 under N + conditions. In 
addition, the lipid productivities, of all isolates, ranged from 
0.085 to 4.56 mg/L/day under N − conditions and ranged 
from 0.082 to 2.6 mg/L/day under N + conditions. Prelimi-
nary screening of the various microalgae isolates revealed 
that N − led to a significant increase in lipid productivity, 
TAG content, and TL content for most of the microalgae 
isolated. Meanwhile, of the 30 microalgae isolates, five (salt-
water isolates) had significantly lower lipid productivity and 
the TL content compared with the most of the 25 freshwater 
isolates.

Among 30 isolates, only eight isolates having highest 
TAG content or highest lipid productivity were selected 
and identified. Eight selected isolates were identified based 
on the cell morphology using light microscopy (Fig. 1b). 
However, the microscopy method for the classification of 
microalgae species is not enough for phylogeny construc-
tion. In the present study, seven of eight selected microalgae 
were identified using the ITS1-5.8S-ITS2 region sequence. 
Merely, the strain KPX4 was identified based on the analy-
sis of the 18S rRNA gene sequence. The phylogenetic tree 
was constructed to detect the taxonomic positions of all 
isolates. The NCBI-BLAST sequence analysis results are 
given in Table 3. Based on these results, the strains KP2 and 
KPX4 were identified as Chlorella vulgaris, S1 and EA7 
were identified as Scenedesmus sp., EA25 was identified as 
Ankistrodesmus sp., M19 was identified as Ankistrodesmus 
falcatus, and B1 and EA22 were identified as Mychonastes 
sp. and Acutodesmus sp., respectively. These molecular-
based identifications were confirmed by a phylogenetic tree 
(Fig. 1a).
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Table 2  Lipid contents, 
biomass productivities, lipid 
productivities, and relative 
neutral lipid contents of 
30 microalgal isolates and 
Chlamydomonas reinhardtii 
cw15 reference strain cultivated 
under nitrogen-sufficient (N +) 
and nitrogen starvation (N −) 
conditions

Microalgae/cultiva-
tion conditions

Lipid contents (% of 
dry cell weight)

Biomass productivi-
ties (mg/L/day)

Lipid productivi-
ties (mg/L/day)

RFUs (Relative 
florescence units)

Freshwater microalgae
 KP2 N + 8.91 ± 0.48 29.32 ± 1.57 2.60 ± 0.14 9.16 ± 0.72
 KP2 N − 28.56 ± 1.16a 16.00 ± 0.80a 4.56 ± 0.33a 138.43 ± 1.19a

 KP3 N + 5.38 ± 0.86 27.00 ± 4.40 1.53 ± 0.10 1.89 ± 0.12
 KP3 N − 17.73 ± 1.11a 19.00 ± 1.00a 3.47 ± 0.15a 2.15 ± 1.58e

 KP5/1 N + 4.45 ± 0.51 22.00 ± 1.30 0.983 ± 0.10 1.90 ± 1.03
 KP5/1 N − 21.61 ± 1.30a 8.00 ± 1.40a 1.550 ± 0.12a 0.57 ± 0.37e

 KP5/2 N + 4.53 ± 0.80 19.00 ± 2.10 0.750 ± 0.13 43.434 ± 2.00
 KP5/2 N − 13.10 ± 1.56a 11.00 ± 2.00a 1.350 ± 0.17c 59.522 ± 3.82a

 KPX1 N + 6.61 ± 1.24 13.00 ± 0.50 0.848 ± 0.17 5.56 ± 0.84
 KPX1 N − 30.68 ± 2.14a 3.00 ± 1.60a 1.036 ± 0.15e 40.78 ± 1.85a

 KPX2 N + 10.33 ± 0.77 18.00 ± 1.00 1.865 ± 0.14 8.27 ± 1.80
 KPX2 N − 29.97 ± 1.73a 5.00 ± 1.50a 1.332 ± 0.30b 136.56 ± 10.19a

 KPX3 N + 10.86 ± 0.81 19.00 ± 2.10 2.080 ± 0.12 9.02 ± 1.86
 KPX3 N − 31.96 ± 3.66a 4.00 ± 1.00a 1.027 ± 0.25a 106.95 ± 8.80a

 KPX4 N + 4.10 ± 1.11 20.00 ± 1.40 0.858 ± 0.24 8.18 ± 0.70
 KPX4 N − 20.96 ± 1.44a 11.00 ± 1.30a 2.325 ± 0.32a 74.66 ± 9.41a

 KPX5 N + 10.02 ± 1.69 11.00 ± 0.80 1.075 ± 0.16 5.04 ± 1.36
 KPX5 N − 25.73 ± 2.92a 6.00 ± 1.20a 1.360 ± 0.17d 35.34 ± 5.98a

 KPX6 N + 10.23 ± 1.27 19.00 ± 1.90 1.773 ± 0.17 4.81 ± 0.41
 KPX6 N − 16.56 ± 2.09b 10.00 ± 1.70a 1.980 ± 0.12e 13.64 ± 4.08b

 M12 N + 4.65 ± 0.74 22.00 ± 2.00 0.983 ± 0.240 10.88 ± 2.43
 M12 N − 15.48 ± 1.19a 13.00 ± 0.05a 2.135 ± 0.250a 10.98 ± 1.16e

 S1 N + 6.58 ± 1.04 27.00 ± 0.80 1.807 ± 0.303 1.86 ± 0.08
 S1 N − 13.15 ± 0.78a 24.00 ± 1.50b 3.353 ± 0.127b 8.94 ± 0.06a

 EA7 N + 4.30 ± 0.26 26.00 ± 2.10 1.132 ± 0.119 10.52 ± 2.08
 EA7 N − 15.66 ± 0.86a 21.00 ± 2.30b 3.560 ± 0.036a 27.67 ± 4.32a

 EA13 N + 4.50 ± 0.23 26.00 ± 2.00 1.078 ± 0.143 4.71 ± 0.84
 EA13N − 11.84 ± 1.25a 15.00 ± 2.30a 1.742 ± 0.080a 6.53 ± 0.76e

 M16 N + 3.73 ± 0.41 24.00 ± 1.30 0.885 ± 0.083 6.52 ± 0.31
 M16 N − 14.43 ± 1.47a 13.00 ± 0.90a 1.945 ± 0.134a 9.28 ± 1.68e

 G2 N + 3.44 ± 0.43 28.00 ± 1.50 0.850 ± 0.147 9.74 ± 0.90
 G2 N − 10.70 ± 0.57a 19.00 ± 1.00a 2.038 ± 0.168a 23.39 ± 0.59a

 EA21 N + 5.04 ± 1.34 12.00 ± 2.20 0.583 ± 0.171 1.50 ± 0.06
 EA21 N − 13.19 ± 1.24a 14.00 ± 1.60d 1.893 ± 0.236a 5.66 ± 0.15b

 M11 N + 4.88 ± 0.82 27.00 ± 2.10 1.348 ± 0.258 1.73 ± 0.61
 M11 N − 14.35 ± 0.94a 15.00 ± 0.80a 2.155 ± 0.101a 6.32 ± 2.15e

 M19 N + 5.97 ± 0.48 20.00 ± 2.00 1.180 ± 0.123 4.23 ± 0.12
 M19 N − 16.06 ± 1.13a 16.00 ± 1.50b 2.485 ± 0.101a 10.24 ± 1.50d

 B1 N + 5.36 ± 0.73 19.00 ± 1.25 1.002 ± 0.148 1.61 ± 0.22
 B1 N − 17.03 ± 0.92a 10.00 ± 1.00a 2.553 ± 0.254a 10.05 ± 1.03a

 EA20 N + 3.60 ± 1.18 12.00 ± 1.40 0.413 ± 0.101 0.61 ± 0.57
 EA20 N − 18.60 ± 1.53a 7.00 ± 2.50c 1.610 ± 0.115a 5.66 ± 2.84e

 EA22 N + 4.33 ± 0.60 36.00 ± 1.70 1.323 ± 0.229 1.94 ± 0.18
 EA22 N − 17.57 ± 1.05a 15.00 ± 0.50a 2.673 ± 0.220a 19.30 ± 3.40a

 G1 N + 3.82 ± 1.28 13.00 ± 1.85 0.515 ± 0.234 1.85 ± 0.30
 G1 N − 6.84 ± 0.76b 9.00 ± 2.70d 0.580 ± 0.145e 5.94 ± 1.57c

 EA15 N + 4.58 ± 0.50 33.00 ± 1.20 1.498 ± 0.113 6.42 ± 1.28
 EA15 N − 15.94 ± 1.24a 15.00 ± 0.80a 2.252 ± 0.166a 8.26 ± 1.81e

 EA 25 N + 4.78 ± 0.32 30.00 ± 1.80 1.440 ± 0.131 11.48 ± 1.85
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Total Lipid and Relative TAG Contents of Selected 
Microalgae Strains

At the end of the seven days of N − conditions, the TL con-
tent of strains had significantly (P < 0.05) increased com-
pared to N + conditions (Fig. 2a). In comparison to the 
N + conditions, the TL contents of the C. vulgaris KPX4, C. 
vulgaris KP2, and C. reinhardtii cw15 strains under N − con-
ditions had increased by approximately 511%, 320%, and 
213%, respectively. The strain with the highest TL content 
under N − conditions was C. vulgaris, KP2 with an aver-
age of 28.56%, followed by the C. reinhardtii cw15 and the 
C. vulgaris KPX4 strains with an average of 21.05% and 
20.96%, respectively. The Scenedesmus sp. S1 (13.15%) and 
Scenedesmus sp. EA7 (15.66%) strains had the lowest aver-
age TL content under N − conditions.

TAG contents of strains were determined qualitatively 
using the Nile red fluorescence method and HPTLC tech-
niques. In this study, the strains with the highest TAG con-
tent based on the RFU values obtained under N − conditions 
were C. vulgaris KP2 (mean RFU: 138.43), C. reinhardtii 
cw15 (mean RFU: 82.05), and C. vulgaris KPX4 (mean 
RFU: 74.66) (Fig. 2b). The TAG contents of these strains 
were found to be significantly (P < 0.05) higher than that of 
other strains. Based on the RFU data, it was found that the 
TAG content of the C. vulgaris KP2 strain was significantly 
(P < 0.05) higher than those of the C. reinhardtii cw15 
strain. However, the TAG content of the C. vulgaris KPX4 

strain was almost the same as that of the C. reinhardtii cw15 
strain.

HPTLC results indicated a correlation between the 
amount of TAG and RFU values (Fig. 3). In the HPTLC 
analysis, it was found that strains with low RFU had lower 
TAG bands, while strains with high RFU had higher TAG 
bands. Moreover, while all the NL bands other than TAGs 
were visible on the HPTLC for all strains placed under 
N + conditions, the TAG bands did not appear in any other 
strain. These results indicated that N − stress increases the 
amount of TAGs in neutral lipids.

Lipid and Biomass Productivities of Selected 
Microalgae Strains

The lipid productivities of the microalgae strains are shown 
in Fig. 2c. The lipid productivities of the nine microalgae 
strains ranged from 0.86 to 8.07 mg/L/day. The highest lipid 
productivity under N + conditions was obtained for the cw15 
(8.07 mg/L/day) strain. The C. reinhardtii cw15 (4.60 mg/L/
day), C. vulgaris KP2 (4.56 mg/L/day) and Scenedesmus 
sp. EA7 (3.56 mg/L/day) strains had the highest lipid pro-
ductivity under conditions. The lipid productivities of the 
C. reinhardtii cw15 strain under N − conditions signifi-
cantly (P < 0.05) decreased compared to the N + conditions, 
while the lipid productivities of other strains had signifi-
cantly (P < 0.05) increased. It was determined that the C. 
vulgaris KP2 and Scenedesmus strains (EA7 and S1) had 

a P < 0.0001
b P < 0.0002
c P < 0.0021
d P < 0.0332
e No significant

Table 2  (continued) Microalgae/cultiva-
tion conditions

Lipid contents (% of 
dry cell weight)

Biomass productivi-
ties (mg/L/day)

Lipid productivi-
ties (mg/L/day)

RFUs (Relative 
florescence units)

 EA 25 N − 16.22 ± 1.04a 16.00 ± 1.80a 2.597 ± 0.208a 11.76 ± 2.85e

Saltwater microalgae
 EA1 N + 6.16 ± 0.15 11.00 ± 0.50 0.663 ± 0.04 6.94 ± 1.88
 EA1 N − 9.80 ± 1.32b 5.00 ± 1.10a 0.470 ± 0.11d 12.90 ± 2.09c

 TG1 N + 3.73 ± 1.40 5.00 ± 1.40 0.083 ± 0.06 0.19 ± 0.09
 TG1 N − 9.16 ± 1.40a 3.00 ± 0.80e 0.196 ± 0.05d 3.15 ± 1.08c

 TG4 N + 5.86 ± 0.87 10.00 ± 1.30 0.515 ± 0.07 3.06 ± 0.72
 TG4 N − 7.56 ± 0.60c 8.00 ± 0.80e 0.595 ± 0.12e 3.89 ± 0.81e

 TG5 N + 4.01 ± 0.80 10.00 ± 0.70 0.413 ± 0.08 1.22 ± 0.84
 TG5 N − 8.52 ± 1.29a 1.00 ± 0.80a 0.085 ± 0.06a 5.48 ± 0.37d

 TG6 N + 5.27 ± 0.56 12.00 ± 0.60 0.610 ± 0.04 0.61 ± 0.77
 TG6 N − 13.10 ± 0.61a 2.00 ± 0.80a 0.610 ± 0.06e 0.87 ± 0.40e

Reference strain
 cw15 N + 9.85 ± 0.43 82.00 ± 1.30 8.070 ± 0.34 9.59 ± 1.89
 cw15 N − 21.05 ± 1.11a 22.00 ± 1.00a 4.602 ± 0.28a 82.05 ± 12.56a
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higher lipid productivities than the other native strains. The 
maximum biomass productivity was obtained for the C. rein-
hardtii cw15 (82 mg/L/day) mutant strain under N + condi-
tions. The minimum biomass productivity was found in the 

Mychonastes sp. B1 strain (10 mg/L/day) under N − condi-
tions (Fig. 2d).

Fig. 1  a Phylogenetic tree for eight native microalgal strains was con-
structed using the Maximum Composite Likelihood method based on 
a dataset of 171 aligned positions of 48 nucleotide sequences. For the 
analysis, the GTR + G + I model was selected. The bootstrap values 
(1000 replicates) are displayed next to the branches. b Microscope 

images of eight microalgal strains. 1. Chlorella vulgaris KP2, 2. Acu-
todesmus sp. EA22, 3. Ankistrodesmus sp. M19, 4. Mychonastes sp. 
B1, 5. Scenedesmus sp. S1, 6. Chlorella vulgaris KPX4, 7. Ankis-
trodesmus falcatus EA25, 8. Scenedesmus sp. EA7

Table 3  DNA based identification of the eight microalgae isolates

The names of the closest matched species on the GenBank, the percentage of identity and query cover, and accession numbers of microalgae 
isolates

Isolates Closest match species Query length Query cover Identity GenBank 
accession 
numbers

S1 Scenedesmus sp. HH 10206 604 bp 99% 99.83% MT340974
EA22 Acutodesmus sp. HH 10202 642 bp 100% 100.00% MT340977
EA7 Scenedesmus sp. GUBIOTJT116 663 bp 100% 98.05% MT340978
EA25 Ankistrodesmus falcatus strain UTEX 101 654 bp 98% 99.06% MT340972
M19 Ankistrodesmus sp. LP 665 bp 95% 99.25% MT340976
B1 Mychonastes sp. XG2H4 503 bp 100% 99.40% MT340973
KP2 Chlorella vulgaris strain SAG 211-11p 698 bp 100% 99.86% MT340975
KPX4 Chlorella vulgaris strain CCAP 211/11B 519 bp 95% 99.20% MT340971
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Among the selected eight native strains, C. vulgaris 
KP2 exhibited the potential for biodiesel production since 
it had high TAG content, high TL content, and high lipid 

productivity under N − conditions. Therefore, C. vulgaris 
KP2 was selected for further analysis.

Fig. 2  a Total lipid contents, 
b neutral lipid contents, c lipid 
productivities, and d biomass 
productivities of nine micro-
algae strains grown under 
nitrogen-sufficient and nitrogen 
starvation conditions for seven 
days. Cultivation in nitrogen-
sufficient medium is represented 
by N + , and in nitrogen-free 
medium by N − . Data are 
presented as the mean ± stand-
ard deviation values of three 
replicate experiments (n = 3)

Fig. 3  HPTLC analysis of neutral lipids extracted from nine micro-
algae strains grown under nitrogen-sufficient and nitrogen starvation 
conditions for seven days. Cultivation in nitrogen-sufficient medium 
is represented by N + , and in nitrogen-free medium by N − . Triolein 
(20 µg and 40 µg) was used as a reference substance for triacylglyc-

erol. The lipid bands comigrating with triolein represent triacylglyc-
erols. For Acutodesmus sp. EA22 and Scenedesmus sp. EA7 strains, 
the N + and N − gels were constructed by merging two lanes coming 
from different runs. FFA free fatty acids, TAG  triacylglycerol, DAG 
diacylglycerol, MAG monoacylglycerol, PL phospholipid



784 E. E. Andeden et al.

1 3

Lipid Bodies in C. vulgaris KP2 Cells Grown Under 
N + and N − Conditions

Lipid bodies in C. vulgaris KP2 cells were observed by 
Nil red staining (Fig. 4a). In addition to HPTLC and spec-
trofluorimetric analysis, Nile red fluorescence microscopy 

analysis showed that  C. vulgaris  KP2 produced large 
amounts of TAGs in their cells.

The FAME Profiles of Total Lipid and TAG in C. 
vulgaris KP2

The FAME profiles of TL and TAG in C. vulgaris KP2 
under N + and N − conditions were determined (Table 4). 
Under N + conditions, C18:3 (39.07%), C18:2 (28.65%), 
and C16:0 (21.86%) fatty acids in total lipids were 
detected as the predominant fatty acids. Upon N − , a 
higher proportion of C18:1 (32.55%) and a lower propor-
tion of C18:3 (23.81%) and C18:2 (15.66%) fatty acids in 
TL were detected. In addition, no changes in the propor-
tions of C18:0 and C16:0 fatty acids in TL under N − were 
observed. Similar to the fatty acid profile of total lipid, the 
most abundant fatty acid in TAG under N − was C18:1, 
accounting for almost 37.56% of fatty acid content. The 
proportions of C16:0, C18:0, C18:2 and C18:3 fatty acids 
in TAG decreased under N − .

The relative percentage of saturated fatty acids (SFAs), 
monounsaturated fatty acids (MUFAs) and polyun-
saturated fatty acids (PUFAs) are shown in Table 4 and 
Fig. 4b. In FAMEs of total lipid, the proportion of MUFAs 
increased from 6.86% to 33.87% under N − while the pro-
portion of PUFAs decreased from 67.72% to 39.47%. In 
contrast, SFAs remained at the same level in nitrogen-
starved and N + cultures. In FAMEs of TAG, the propor-
tion of MUFAs increased under N − meanwhile, the pro-
portions of PUFAs and SFAs decreased.

The seven critical biodiesel properties; kinematic vis-
cosity, specific gravity, cloud point, cetane number, iodine 

Fig. 4  a Nile red florescence of Chlorella vulgaris KP2 cells grown 
under nitrogen-sufficient and nitrogen starvation conditions for seven 
days. Lipid bodies in nitrogen-starved cells were visualized by the 
florescence microscope. Cultivation in nitrogen-sufficient medium is 
represented by N + , and in nitrogen-free medium by N − . b Percent-
ages of SFA, MUFA, and PUFA of TAGs and total lipids in Chlo-

rella vulgaris KP2 cells grown under nitrogen-sufficient and nitrogen 
starvation conditions for seven days. Cultivation in nitrogen-sufficient 
medium is represented by N + , and in nitrogen-free medium by N − . 
SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA 
polyunsaturated fatty acids. TAG  triacylglycerol, TL total lipid (Color 
figure online)

Table 4  Fatty acid profiles of total lipids and TAGs in Chlorella vul-
garis KP2 grown under nitrogen-sufficient and nitrogen starvation 
conditions

SFAs Saturated fatty acids, MUFAs Monounsaturated fatty acids, 
PUFAs Polyunsaturated fatty acids, N + nitrogen-sufficient medium, 
N − nitrogen-free medium, TAG  triacylglycerol

Fatty acids TAG Total lipid

N + N − N + N − 

C12:0 1.44 1.32 0.04 0.04
C14:0 0.81 0.56 0.14 0.15
C16:0 28.16 23.16 21.86 21.80
C16:1  − 0.66 2.04 1.19
C18:0 29.19 23.07 2.76 3.71
C18:1 25.00 37.56 4.82 32.55
C18:2 9.05 7.00 28.65 15.66
C18:3 5.10 3.12 39.07 23.81
C20:0  − 0.84 0.12 0.17
C20:1  − 0.51  − 0.13
C22:0  − 0.31  − 0.10
C22:1  −  −  −  − 
C24:0  − 0.15 0.09 0.12
SFAs (%) 59.60 49.26 25.01 26.09
MUFAs (%) 25.00 38.73 6.86 33.87
PUFAs (%) 14.15 10.12 67.72 39.47
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value, higher heating value, and oxidation stability were 
estimated based on the FAME profiles of TAG and TL in 
C. vulgaris KP2 (Table 5). Estimated biodiesel properties 
of FAME of TAG and TL in C. vulgaris KP2 grown under 
N − conditions were meet the biodiesel specifications 
as stated by the US (ASTM D6751) and/or Europe (EN 
14214) standards. Some biodiesel properties of FAME of 
TAG were found much better FAME of TL under N − . On 
the other hand, FAME of TL in C. vulgaris KP2 grown 
under N + conditions did not meet the biodiesel specifica-
tions due to high iodine value (147.78 g  I2/100 g).

Discussion

The manipulation of the nutritional and/or cultivation con-
ditions is one of the most commonly used approaches to 
lipid induction in microalgae. It has been reported that the 
lipid content of microalgae is in the range of 2 − 77% of 
dry cell weight depending on the species and environments 
[26]. In this study, TL contents of 30 microalgae isolates 
ranged from 3.44 to 31.96%. Under N − conditions, TL 
contents of the most potent eight microalgae strains were 
comparable or even higher than those reported in liter-
ature. The TL content of Chlorella vulgaris KP2 under 
N − was 28.56%, which was much higher than the findings 

of previous studies under nitrogen depletion conditions 
(Table 6; [27, 28]). Furthermore, [29] showed that the TL 
contents of S. dimorphus SD16 and S. quadricauda SQ19 
were 5% and 14%, respectively, when exposed to N − con-
ditions and high salt stress. On the other hand, several 
studies have reported higher lipid content than our find-
ings. A recent study noted that the lipid content of mixo-
trophic Chlorella vulgaris cells under N − reached as high 
as 62.6% [30]. Another study reported that the TL content 
of Scenedesmus sp. strain R-16 was 52.6% under nitrogen-
depletion conditions [31]. Additionally, Ankistrodesmus 
sp. M19, Ankistrodesmus falcatus EA25, Acutodesmus sp. 
EA22 and Mychonastes sp. B1 strains had a lower lipid 
content compared to previous studies using similar spe-
cies and stress conditions [32–34]. A literature review and 
our findings showed that the lipid content in microalgae 
is species-dependent under nitrogen-depletion conditions 
and can be influenced by cultivation conditions such as 
pH, different carbon and nitrogen sources in medium, tem-
perature,  CO2 levels, and light intensity.

As TAGs have a high percentage of fatty acids and a 99% 
conversion rate into biodiesel, they are an important indica-
tor in the selection of potential strains for biodiesel produc-
tion. Our results indicated that N − stress led to an increase 
in the TAG levels of many microalgae species. [12] reported 
that C. vulgaris, C. zofingiensis, N. oleoabundans, and S. 

Table 5  The estimated biodiesel 
properties of FAMEs from total 
lipids and TAGs of Chlorella 
vulgaris KP2 grown under 
nitrogen-sufficient and nitrogen 
starvation conditions

N + nitrogen-sufficient medium, N − nitrogen-free medium, TAG  triacylglycerol

Biodiesel properties TAG Total lipid Biodiesel standards

N + N − N + N − EN 14214 ASTM D6751

Kinematic viscosity 40 ºC  (mm2  s−1) 4.83 4.81 4.06 4.34 3.5 − 5.0 1.9 − 6.0
Specific gravity (kg  L−1) 0.876 0.876 0.883 0.880 0.86 − 0.90 0.85 − 0.90
Cloud point (ºC) 12.03 11.68 4.26 1.71  −  − 
Cetane number 58.90 58.73 50.77 53.75 Min 51 Min 47
Iodine value  (gI2/100 g) 57.08 59.00 147.78 114.50 Max 120  − 
Higher heating value (MJ/kg) 39.58 39.63 41.73 40.94  −  − 
Oxidation stability (h) 10.92 14.24 4.33 5.58 Min 6 Min 3

Table 6  Comparison of lipid 
productivity and lipid content 
of Chlorella vulgaris strains 
reported in similar cultivation 
conditions with Chlorella 
vulgaris KP2

BB Bold’s basal, NS nitrogen starvation, NL nitrogen limitation

Species Condition Medium Lipid produc-
tivity (mg/L/
day)

Lipid content (%) References

Chlorella vulgaris KP2 NS BG11 4.56 28.56 This study
Chlorella vulgaris UTEX 395 NS BB 3.00  − [38]
Chlorella vulgaris UTEX 395 NL BB 41.00 54 [39]
Chlorella vulgaris NL  − 40.00 20 [27]
Chlorella vulgaris AG10032 NL BG11 77.80 43 [40]
Chlorella vulgaris NS BG11 19.00  − [41]
Chlorella vulgaris CCAP 211/11B NS BB 20.88 17.64 [28]
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obliquus accumulate TAGs up to more than 35% of their 
dry weight during N − . The present study indicated that the 
TAG content of the C. vulgaris KP2 native strain was much 
higher than those of the C. reinhardtii cw15 mutant strain, 
and these two strains under N − conditions accumulate TAGs 
more effectively than the Scenedesmus, Ankistrodesmus, 
Mychonastes, and Acutodesmus strains. Although N − is the 
most crucial stress condition for increasing the amount of 
TAG in microalgae, it causes a reduction in microalgal bio-
mass by limiting protein synthesis, chlorophyll synthesis, 
and photosynthetic performance [35]. Furthermore, [22] 
demonstrated that a pronounced reduction, upon nitrogen 
depletion, in ribosomal polypeptides, tryptophan synthase 
β subunit, and some key enzymes for  CO2 assimilation like 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco).

In this study, the biomass and lipid productivities of 
the microalgae strains were found to be higher than those 
reported by other studies. In these studies, it was demon-
strated that the biomass productivities of various strains of 
Scenedesmus species under N + conditions were 0.0098 to 
0.0157 g/L/day, and their lipid productivities ranged from 
0.872 to 4.255 mg/L/day [36]. By contrast, [37] reported that 
the biomass productivities of 12 microalgae strains ranged 
from 0.08 to 0.73 g/L/day and that their lipid productivities 
ranged from 22.61 to 204.91 mg/L/day. Compared with the 
lipid productivity data of some studies conducted by Chlo-
rella vulgaris, while lipid productivity of Chlorella vulgaris 
KP2 (4.56 mg/L/day) was higher than the findings reported 
by [38], it was considerably lower than most of the reports 
given in (Table 6) [39–41].

It has been reported that the carbon source and the car-
bon-to-nitrogen (C/N) ratio have a significant influence 
on biomass and lipid accumulation in microalgae [42]. A 
recent study noted that the maximum biomass productivity 
of 5.37 g/L/day was achieved in Chlorella sp. HS2 using 
optimal concentrations of glucose, sodium nitrate, and 
dipotassium phosphate [43]. In this context, optimizing the 
C/N ratio of the medium by supplementing microalgae cul-
ture with one of the various carbon sources and adding a 
nitrogen source at the minimal concentration may improve 
the lipid productivity of C. vulgaris and other microalgae 
species used in this study.

The fatty acid compositions of microalgal oils play a piv-
otal role in the production of high-quality biodiesel. The 
microalgal lipid, which is rich in MUFAs (C16-C18), is con-
sidered as suitable fatty acids for biodiesel production since 
it improves the cold flow property and oxidation stability of 
the biodiesel [44]. Under N − , the fatty acid profile of TL 
in C. vulgaris KP2 was consistent with the previous finding 
in C. vulgaris cultivated in a nitrogen-depleted medium, in 
which the predominant fatty acids were C18:1 (42.77%), 
C16:0 (19.70%), C18:3 (16.24%), and C18:2 (9.54%) [45]. 

Our findings indicated that N − stress had a strong effect on 
both increasing % of MUFA (C18:1) and decreasing % of 
PUFA (C18:2 and C18:3) in TAG and TL of C. vulgaris.

These findings are in agreement with previous studies 
reported that FAME profile of total lipids of C. vulgaris and 
other microalgae species contained a substantial amount of 
C18:1 and a modest amount of C18:2 and C18:3 fatty acids 
under N − conditions [46]. The reduction of PUFAs under 
N − may be a result of the oxidative damage or conversion 
of membrane lipids into TAGs [47].

The degree of unsaturation is one of the main features 
of FAME in determining biodiesel properties. CN, OS, 
and KV increase with a decreasing degree of unsatura-
tion levels of FAME, while iodine value decreases [24]. 
This is in line with our findings that under N + conditions, 
the lowest KV, CN, and OS values were detected for the 
FAME obtained from total lipid, which had the highest 
degree of unsaturation levels.

As shown, under N − conditions, the estimated biodiesel 
properties of TAG and TL in C. vulgaris KP2 are meet the 
biodiesel specifications established by US (ASTM D6751) 
standard and/or European (EN 14214) standard. However, 
under N − conditions, the proportion of C18:3 fatty acid in 
FAME of total lipid is not meet the European (EN 14214) 
standard (C18:3 ≤ 12%). Biodiesel with higher CN and OS 
corresponds to better autoignition quality and storage time 
of any liquid fuel in large-scale production, respectively 
[48]. In addition, the low IV correlates to low  NOx emis-
sion [49]. Under N − conditions, the estimated CN and OS 
of FAME obtained from TL were 53.75 and 5.58 h, and 
these values slightly exceed the minimum specification 
by ASTM D6751 (47, 3 h) biodiesel standard. Moreover, 
under N − conditions, the FAME produced from TAG 
has favorable biodiesel properties with a lower IV (59.00 
 gI2/100 g), higher OS (14.24 h), and higher CN (58.73) 
compared with the EN 14214 biodiesel standard (IV < 120 
 gI2/100 g, OS > 6 h, CN > 51). HHV is another impor-
tant property of biodiesel concerning fuel consumption. 
It has been reported that HHVs of conventional biodiesels 
are typically in the range of 39 − 41 MJ/kg [50]. In this 
study, the estimated HHV of FAME produced from TL 
was 40.94 MJ/kg under N − conditions.

In conclusion, the present work showed that C. vulgaris 
KP2 tend to accumulate high ratios of lipids and TAGs 
inside their cells under N − conditions. In addition to high 
TAG content, the fatty acid profile of C. vulgaris KP2 
strain has the desired characteristics for biodiesel produc-
tion under N − conditions.
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