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Abstract—Microalgae are known to produce neutral-lipids such as triacylglycerols (TAGs), a raw material required for
biofuel production. The present study aimed to screen the high lipid producing native microalgae strains from freshwa-
ter habitats, select appropriate methods to extract lipid from wet algal biomass, and study fatty acid compositions. At
first, isolated twenty native strains among them two isolates that exhibited higher lipid content was further subjected to
molecular characterization. Results based on the cell morphology, molecular characterization, and phylogenetic analy-
sis indicated that these two strains were Tetradesmus obliquus and Ettlia oleoabundans. Based on the growth study of
screened algal strains, the biomass ranged from 0.65 g/L to 6.03 g/L with Tetradesmus obliquus providing the highest
biomass and total lipid content of 51% when cultured in a nitrogen-deprived medium. The highest lipid yield was
obtained with hexane:isopropanol (2: 1) solvent mixtures, accompanied by an optimized cell wall disruption method.
Additionally, it was found that Tetradesmus obliquus had higher contents of saturated and monounsaturated fatty acids,
ie, 36.19% and 31.49%, respectively, in nitrogen-deprived medium (N"), whereas in nitrogen-containing medium (N*)
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was 27.34% and 28.85%, respectively. Hence, this suggests their suitability for biofuel production.

Keywords: Tetradesmus obliquus, Molecular Characterization, Nitrogen Starvation, Lipid Extraction, Fatty Acid Profiling

INTRODUCTION

Microalgae have shown their advantages over other feedstock, such
as oil from plant and animal sources for biofuel production. They do
so because of photosynthetic efficiency; high lipid production under
stressful conditions, capable of fixing carbon dioxide, and growth on
unfavorable land [1-4]. They can cultivate fast and store high lipid
content (20% to 50% of dry weight) of which neutral lipids mainly
in the form of TAGs are of interest because they can be transformed
directly into biofuel [5]. Selection of high lipid producing microalga
strain and suitable culture growth medium is a prime step for the
application of the potent strain in biofuel production. Research stud-
ies have reported that in nitrogen-deprived medium microalgae are
able to accumulate more lipid content than in nitrogen containing
medium. Because microalgae cultures can easily acclimatize to the
nitrogen starvation condition that is by directing carbon com-
pounds towards the accretion of carbon reserves such as lipids [6,7].

Concurrently; the success of commercializing microalgae as a suit-
able feedstock stems from both upstream and downstream pro-
cesses, such as high microalga growth rate, high neutral lipid pro-
ducing strains, optimal cell disruption technique for releasing intra-
cellular lipids, optimal neutral lipid extraction methods, the suit-
ability of extraction solvent, and the economics of the process, etc

"To whom correspondence should be addressed.
E-mail: roopa_arekal@yahoo.com
Copyright by The Korean Institute of Chemical Engineers.

167

[8]. Since the concept of biofuel production from microalgae has
been introduced, many significant developments have already been
made in the upstream process to produce more algal biomass for
high lipid yield. In the case of the downstream process, accurate
methods for lipid extraction continue to be challenging despite the
availability of many standardized processes with higher lipid yield
due to variability in the cell wall structures [9]. Hence, for each
newly isolated microalga strain, suitable lipid extraction techniques
need to be optimized to commercialize a higher lipid yield process.

In the present study, native freshwater microalgae cultures were
isolated and characterized up to a molecular level from various habi-
tats in Bengaluru, India, and further examined to screen the high
lipid producing microalga strain. Among twenty isolated microalgae
cultures, Tetradesmus obliquus was selected because of its ability to
accumulate high amounts of lipids in a nitrogen-deficient medium.
Further, the extraction competence of various solvent combina-
tions was examined, accompanied by a comparison of multiple
cell disruption methods to enhance this strain’s lipid yield. Subse-
quently, lipid extract was transesterified to fatty acid methyl esters
(FAMESs) and studied their fatty acid compositions by Gas chro-
matography-Mass spectrometry (GC-MS) analysis to confirm it as
the best biofuel feedstock.

MATERIALS AND METHODS

1. Chemicals and Reagents
All chemicals, reagents, and solvents used in this study were ob-
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Table 1. Composition and preparation of Hutner’s reagent

Concentration  Dissolved in known
Component 2
(gmL™) amount of water (ml)
EDTA 50 250
ZnSO,-7H,0 2 100
H,BO, 114 200
MnCL-4H,0 5.06 50
FeSO,-7H,0 499 50
CoCl,-6H,0 1.61 50
CuSO,-5H,0 1.57 50
(NH,)6Mo,0,,-4H,0 11 50

Above all solutions were prepared separately and mixed together
except EDTA. Solution mixture was brought to boil condition and
added EDTA solution. It turned green colour and allowed to cool
to 70 °C. Next, 85 mL of hot 20% KOH solution was added, finally
solution was made up to 1L by adding 115mL of distilled water.
Allowed to settle for few days until solution turned purple colour.
Later it was filtered using two layers of Whatman No. 1 filter paper
and stored at refrigerator condition for further use.

tained from Sigma Aldrich (India) and SD Fine (India), which were
analytical grades.
2. Preparation of ATCC 897 Broth and Agar Media

According to lgcstandards-atcc.org, ATCC 897 broth and agar
media were prepared using 50 ml/L of BeijerincKs solution (10 g
NH,(C], 0.4 g MgSO,-7H,0, 0.2 g CaCl,-2H,0, 1 L distilled water),
50 ml/L of Phosphate buffer (28.8 g¢ K,HPO,, 144 g KH,PO,, 1L
distilled water), 1 ml/L of Hutner’ trace elements (composition and
preparation, as shown in Table 1), 2 g/L of sodium acetate in distilled
water for broth medium and added 1.5% agar for agar medium (pH
7.2). ATCC 897 nitrogen-deprived medium was devoid of NH,CL
3. Isolation of Microalgae

Freshwater samples were collected from various freshwater bod-
ies in Bengaluru, Karnataka state, India, and cultivated in a salt
medium, namely ATCC 897, for 10 to 20 days at 25°C, 50-100
pEinsteins/m”/s irradiance (cool fluorescent white light), which
was maintained under a 14 h light - 10h dark photoperiod. After
growth, a known volume of sample was serially diluted using 0.9%
saline medium (0.9 g NaCl in 100 ml of distilled water). The required
aliquots of appropriate serial dilutions of the sample were spread
plated on sterile pre-poured plates of ATCC 897 agar medium. These
inoculated agar plates were incubated at the standard conditions for 7
to 15 days. Pure colonies isolated by successive plating processes were
evaluated by microscopic observation (Labomed, OPTICX model,
India). To maintain the culture viability and purity, screened cul-
tures were sub-cultured in the respective medium at regular inter-
vals of 30 days, followed by storage at 4 °C. Microalgae were identified
by the conventional method, i.e., by observing microscopical struc-
tural characteristics. All isolates were subjected for estimation of
total lipids to screen the higher lipid producing strain [10].
4. Molecular Characterization - PCR Detection for Genus Speci-
ficity

Further, the molecular characterization of screened microalgae
cultures was carried out by the target gene sequence homology study:
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For this, microalgae cultures were subjected to PCR analysis to
amplify the 28S rRNA gene fragments for which universal eukaryotic
primers were used to estimate and analyze the Chlorophyta variety.
In the first step, microalgae cultures were cultivated in ATCC 897
broth medium at the standard condition of 25 °C, 50-100 pEinsteins/
m’/s irradiance, and maintained under a 14 h light - 10h dark photo-
period for five days. Aliquots of the culture broth were plated on
ATCC 897 agar medium to obtain discrete colonies. Single and well-
isolated colony grown on the agar medium were regrown in ATCC
897 broth at the same standard condition. This was followed by
harvesting of alga cells in the course of the exponential growth
period, and the extraction of genomic DNA using the conventional
method [11]. Targeted region of 285 rRNA (size - 1,000 bp) gene
fragments was amplified by uniplex PCR with genus-specific prim-
ers, ie, Forward - GGACAGAAAGACCCTATGAA with Reverse -
TCAGCCTGTTATCCCTAGAG [12]. PCR analysis was performed
by preparing 50 pl of reaction mixture containing MgCl, (2 mM),
DNA (50 ng), dNTPs (200 M), primers (0.6 M each) and Tag DNA
polymerase (1.25 U) [13]. PCR analysis was carried out by maintain-
ing the following conditions, ie., 1" cyde at 94°C for 5 min followed
by 32 cycles at 94 °C for 45, 50 °C for 45, 72 °C for 1.30 min, and
final cycle at 72 °C for 7 min. Amplified PCR products were puri-
fied by using the purification kit (Sigma Aldrich, India), later sub-
mitted to the Eurofins Genomics India Pvt. Ltd for gene sequencing.
It was carried out by using the BDT v3.1 Cycle sequencing kit on
ABI 3730x] Genetic Analyzer. Subsequently, the acquired nucleo-
tide sequences were examined by using the basic local alignment
search tool (BLAST) with the databases of National Centre for Bio-
technology Information (NCBI) to evaluate the percentage of homol-
ogy with closely related strains, which were documented in the
GenBank. A phylogenetic tree was constructed using Phylogenyfr.
5. Growth Study

All cultures were grown independently in 250 ml Erlenmeyer
flasks containing 120 ml of ATCC 897 broth medium. They were
grown at 25°C, 120 rpm, 50-100 pEinsteins/m’/s irradiance, and
14 h light -10h dark photoperiod for about ten days. Growth was
monitored every 24 hours by measuring cell counts and optical
density (OD) at 680 nm. The cell count was measured using Neu-
bauer hemocytometer with 0.05% Evans blue dye under a micro-
scope (Labomed, OPTICX model, India) [14]. The culture growth
was monitored until there was a drop in OD at 680 nm using a
spectrophotometer (Eppendorf, India).
6. Cultivation of Microalgae in Nitrogen Deprived Medium

The algae cultures, ie, initial concentration of 1x10° cells/ml were
inoculated into 500 ml Erlenmeyer flasks containing 250 ml of
normal ATCC 897 broth medium and allowed to cultivate at stan-
dard conditions till the end of the exponential period. Grown cul-
tures were centrifuged at 6,000 rpm for 10 min at 4°C to harvest
the alga cells. The resultant cell pellet was washed thrice with ster-
ile distilled water, followed by transferring into 250 ml of ATCC
897 broth medium with nitrogen-free for lipid accumulation, and
incubated at standard condition. Later, the cells were harvested be-
tween 1" to 10" days at 24 h intervals. The growth was monitored
using OD at 680 nm at 24 h intervals.
7. Optimization of Solvent Mixture for Lipid Extraction

Four organic solvents like hexane, isopropanol, chloroform, and
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methanol--were combined in ratios of 1:1, 1:2, and 2:1 for lipid ex-
traction. It was done by modifying Chen and Vaidyanathan method
[15] as follows: 0.5g of wet biomass was suspended in 1.5 ml of
1 M Tris-HCI (pH 7.8) and 8.5 ml of saponification reagent (5% of
1 M NaOH in a mixture of isopropanol and water ratio of 40 : 60),
later vortexed for 5 min, this was followed by incubation of sam-
ple at 90 °C for 30 min, this protocol was considered as a control
for further experimental study. After this, 8.5 ml of each combina-
tion of the solvent mixture in different ratios was mixed with the
saponified sample. The mixture was vortexed for 3 min and cen-
trifuged at 6,000 rpm for 10 min. The supernatant comprising of
the lipids in the organic phase was transferred to a pre-weighed
glass vial and vaporized at room temperature. The lipid content
(% dry weight) was determined gravimetrically [15].
8. Optimization of Cell Wall Disruption

The following five cell wall disruption techniques were employed
to investigate the optimal lipid release from the cells of Strainl; (i)
grinding with sand, (ii) bead vortexing, (iii) thermolysis, (iv) mixing
on a magnetic stirrer, and (v) combination of grinding with sand
and saponification method [16,17]. Step by step experimental stud-
ies were carried out as shown in Fig. 1 and 2. For all the methods,
0.5 g of wet biomass was taken and suspended in 1.5 ml of 1 M Tris-
HCI (pH 7.8), followed by disruption of the microalga cell wall
Thorough cell lysis was confirmed by observing under a light mi-
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croscope. After the disruption of the cell wall, the sample was blended
with 8.5 ml of optimized hexane and isopropanol (2: 1) solvent mix-
ture to extract lipids. The mixture was vortexed for 3 min, then
centrifuged for 10 min at 6,000 rpm. The supernatant, which was
the organic phase with the lipids, was transferred to a pre-weighed
glass vial and vaporized at room temperature. After vaporization,
the lipid content (% dry weight) was determined gravimetrically
[15]. For control, the protocol that was mentioned in step 7 was
followed using the optimized solvent mixture.
8-1. Grinding with Sand

To the wet biomass, 0.2 g of sand (Neutralized one) was added,
later ground with mortar and pestle for 5min followed by solvent
extraction of total lipids using the optimized solvent mixture.
8-2. Bead Vortexing

Approximately 50 mg of 0.1 mm glass beads was added to the
wet biomass. Cell disruption was promoted by vigorous vortexing
for 10 min, in between sample was kept on ice, followed by sol-
vent extraction of total lipids using the optimized solvent mixture.
8-3. Thermolysis

The wet biomass was placed in a preheated water bath at 90 °C
for 30 min to induce the thermolysis, followed by solvent extraction
of total lipids using the optimized solvent mixture.
8-4. Mixing on Magnetic Stirrer

8.5 ml of ethanol was directly added to the wet biomass, which
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Fig. 1. Brief overview of experimental methods used to study the lipid content in microalgae.
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was then vortexed for 5min and incubated at room temperature
overnight with continuous mixing on magnetic stirrer. This was fol-
lowed by the solvent extraction of total lipids using the optimized
solvent mixture.
8-5. Combined Method

The wet biomass (0.5 g) was suspended in 1.5ml of 1 M Tris-
HCI solution (pH 7.8) and ground with neutralized sand for 3
min followed by saponification step as described in step 7. This
was followed by the solvent extraction of total lipids using the
optimized solvent mixture.
9. Total and Neutral Lipid Estimation
9-1. Saponification and Extraction of Cellular Lipids

To extract the lipid content from alga cells, 2 ml of seven days old
culture broth was taken in an Eppendorf tube and centrifuged for
10 minutes at 6,000 rpm at 4 °C. The obtained cell pellet was sus-
pended in 40 pl of Tris-HCI solution (1 M, pH 7.8) and 1,960 pl of
saponification reagent (5 g of NaOH in 100 ml of isopropanol and
water ratio of 40: 60). Subsequently, the sample was macerated by
adding a trace amount of sand and vortexed for 5min to rupture
the cell wall, so complete lysis of alga cells was confirmed by ob-
serving under light microscope. This was followed by incubation of
sample for 30 min at 90 °C during this process every 5min once
the sample was vortexed to hydrolyze the ester bonds of membrane
lipids and triglycerides. Further, 5ml of hexane and isopropanol
(2:1) solvent mixture was added to the saponified mixture, which
was mixed thoroughly by vortexing for 3 min and centrifuged at
6,000 rpm for 10 min. Resultant supernatant containing lipids in
the organic phase, was used for the estimation of total and neutral
lipids [15].
9-2. Estimation of Total Lipids

The amount of fatty acids was estimated as follows: 500 ul of
the organic phase containing lipids from step 9.1 was taken in an
Eppendorf tube. To this, an equal volume of copper reagent (9 vol.
aq. 1 M triethanolamine (TEA), 1 vol. 1 M acetic acid, 10 vol. 6.45%
w/v Cu(NO,),-3H,0) was added followed by vortexing and cen-
trifugation at 6,000 rpm for 5min at 4°C. The supernatant con-
taining the organic phase was collected and transferred to a fresh
tube. While transferring the organic phase, caution was taken to avoid
the transfer of aqueous phase containing copper ions since it produce
false signal during spectrophotometric detection. In the next step, an
equal volume of color-developing reagent (1% sodium diethyldith-
iocarbamate in 2-butanol w/v) was added, and absorbance was
measured at 440 nm by spectrophotometer (Eppendorf, India).
For the standard curve, 5mM palmitic acid stock solution was
used to obtain 60, 240, 480, 720, 960, 1,200 ng of the sample, and
the volume was made up to 2 ml with a solvent mixture of hex-
ane and isopropanol (2 : 1). 500 pl of these dilutions was then used
to obtain the standard curve following the above-mentioned proce-
dure. Simultaneously, blank was prepared as mentioned for sample
except milli-Q water was used instead of the sample [10].
9-3. Estimation of Triacylglycerides

The amount of neutral lipids, ie., triacylglycerides, was estimated
using 1.67 mM tripalmitin as standard and without the use of Zeo-
lite [18].

500 pl of organic phase containing lipids was taken in an Eppen-
dorf tube. To this 1 ml of freshly prepared sodium metaperiodate -
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SMI (Main stock: 0.025 M SMI in 1 N acetic acid. Working stock:
24ml of 0.025M SMI in 4 ml of isopropanol and 13.6 ml of 1N
acetic acid) and 0.5 ml of acetyl acetone reagents were added. The
sample was mixed well, followed by incubation at 60 °C for 30 min.
The sample was allowed to cool before the absorbance at 405 nm
was measured by a spectrophotometer (Eppendorf, India). For the
standard curve, 1.67 mM tripalmitin stock solution was used to
obtain 60, 240, 480, 720, 960, 1,200 pg of the sample, and the vol-
ume was made up to 2 ml with a solvent mixture of hexane and
isopropanol (2: 1). 500 pl of these dilutions was then used to obtain
the standard curve following the above-mentioned procedure. Blank
was prepared by following the above-mentioned steps except milli-
Q water was used instead of the sample.

10. Analysis of Fatty Acids Methyl Esters (FAMEs)

The condensed lipid extract (100 pl) was transmethylate with
500 pl of 2% H,SO,/methanol solution (v/v) in a 2 ml Eppendorf
tube by incubating at 80 °C for 2 h. Once the sample cooled, 500
pl of n-hexane and 500 p of 0.9% (w/v) NaCl solution were added
into the tube to create separate layers. Resultant upper n-hexane layer
was collected to analyze the FAMEs by using GC-MS system [19].
The analysis was performed by the Indian Institute of Chemical
Technology (IICT), Hyderabad, India. The specific fatty acid com-
positions on the chromatogram were identified by comparing with
authentic standards and quantified from the peak areas using known
fatty acid as the internal standard. Finally, total fatty acid content
was calculated by adding all the individual fatty acid contents.

11. Statistical Analysis

All data are calculated and expressed as mean + the standard devi-

ation. Microsoft Excel 2010 (USA) was used for regression analysis.

RESULTS

1. Isolation and Identification of Microalgae

In this study; isolated 20 native freshwater microalgae from dif-
ferent habitats in Bengaluru and subjected to microscopic obser-
vation, which exhibited their colony existence and purity. Most of
the screened microalgae were belong to the genus Tetradesmus,
Ettlia, Coelastrella, Scenedesmus, Chlorella, Acutodesmus, Chlorococ-
cum, Botrydiopsis, Desmodesmus, and Dictyochloris, which were
identified based on their cell morphology. Generally, characteriza-
tion up to species level based on morphological data is not reli-
able. Therefore, molecular characterization work was carried out for
two potent isolates, which exhibited high lipid productivity among
20 screened strains (Table 2). These two strains were labeled as
Strainl and Strain2. Both strains grew very well in ATCC 897
broth medium and were maintained in the same medium.
2. Molecular Characterization - PCR Detection for Genus
Specificity

As confirmatory evidence, PCR analysis was carried out with
universal eukaryotic forward and reverse primers to identify the spe-
cific genus of microalgae. For this, microalga DNA was isolated and
evaluated its quality on 1% Agarose Gel. A single band of high molec-
ular weight DNA was observed, as shown in Fig. 3. Subsequently,
fragments of 285 rRNA regions were amplified by PCR. A single
distinct PCR amplicon band of ~1,000 bp was observed when re-
solved on 1% Agarose gel, as shown in Fig. 3. In the next step, the
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Table 2. Total lipid content of 20 microalgae strains in normal ATCC 897 broth medium

Serial No. Strain name Source Lipid content %
1 Tetradesmus obliquus Strainl Pond, Bengaluru 42.01
2 Ettlia oleoabundans Strain2 Pond, Bengaluru 37.89
3 Coelastrella sp. Strain3 Pond, Bengaluru 35.34
4 Scenedesmus obliquus Strain4 Pond, Bengaluru 25.02
5 Scenedesmus obliquus Strain5 Pond, Bengaluru 23.90
6 Scenedesmus quadricauda Strainé Pond, Bengaluru 22.39
7 Scenedesmus sp. Strain7 Pond, Bengaluru 32.75
8 Chlorococcum sp. Strain8 Lake, Bengaluru 31.02
9 Chlorella vulgaris Strain9 Lake, Bengaluru 32.63

10 Chlorella vulgaris Strain10 Lake, Bengaluru 19.05
11 Chlorella vulgaris Strain11 Lake, Bengaluru 22.90
12 Botrydiopsis sp. Strain12 Lake, Bengaluru 20.30
13 Scenedesmus dimorphus Strainl3 Lake, Bengaluru 21.65
14 Chlorococcum sp. Strain14 Pond, Bengaluru 17.56
15 Chlorella ellipsoidea Strain15 Pond, Bengaluru 29.21
16 Chlorococcum sp. Strainl6 Lake, Bengaluru 2843
17 Chlorella sp. Strainl7 Lake, Bengaluru 34.56
18 Scenedesmus sp. Strain18 Lake, Bengaluru 1528
19 Desmodesmus sp. Strainl9 Pond, Bengaluru 32.01
20 Dictyochloris sp. Strain20 Pond, Bengaluru 21.78

LADDER

L] <«— 1000bp

Fig. 3. Agarose gel electrophoretic pattern of (a) Genomic DNA,
(b) PCR amplicon with 28S rRNA gene fragment in a native
isolates of Tetradesmus obliquus and Ettlia oleoabundance.

amplified PCR product was purified to remove the impurities. This
was followed by the gene sequencing of purified PCR amplicon with
F and R primers using the BDT v3.1 Cycle sequencing kit on the
ABI 3730x] Genetic Analyzer. The consensus sequence of the ampli-
fied product was generated from forward and reverse sequence data
using aligner software. The 28S rRNA region sequences were ana-
lyzed using the nudeotide BLAST tool with the database of NCBI
GenBank. Based on maximum identity score, the starting ten se-
quences were selected and aligned using nucleotide sequence align-
ment software program FASTA with default settings. Accession num-
ber was obtained for both strains by submitting the resultant aligned
sequences in NCBI Bankit, for Strainl accession number was
MT188616.1 and Strain2 MT110991.1. Finally, the distance matrix

was generated, and the phylogenetic tree was constructed using
Phylogenyfr. The resultant phylogenetic tree revealed the evolutionary
relationships of Strainl and Strain2 with closely related microalgae
isolates deposited in NCBI GenBank. Strain1 showed 96-94% homol-
ogy with the following isolates: Tetradesmus obliquus (MF661972.1)
and Scenedesmus obliquus (HM103383.1). Similarly, Strain2 showed
93-95% homology with the following genera: Ettlia oleoabundance
(JX415205.1), Scenedesmus obliquus (HE861890.1), Acutodesmus
obliquus (HE965013.1) and Tetradesmus obliquus (KY741858.1). After
molecular characterization and phylogenetic analysis, screened iso-
lates of Strain 1 and 2 were identified to be Tetradesmus obliguus and
Ettlia oleoabundans, respectively, as appearing in the generated tree
as shown in Fig. 4. Both strains were belonging to Chlorophyta.
3. Growth Study

After molecular characterization of the microalgae, Strains 1 and
2 were subjected to growth study. Fig. 5 shows the growth behav-
ior and linear relationship between OD at 680 nm and the average
cell concentration (cells/mL) of Strainl and Strain2. From which
one can observe that Strainl was fast-growing and reached a max-
imum growth by day 8" Both, OD at 680 nm and the cell con-
centration measured using hemocytometer, were monitored for
the growth study. A similar growth curve and the linear relation-
ship between OD at 680nm and the average cell concentration
were obtained for Strain2. It grew to the maximum by day seven
for a photoperiod of 14 h light - 10 h dark and 50-100 pEinsteins/
m’/s irradiance. The specific growth rate (1 day '), calculated for
Strainl and Strain2 was 6.13 pday ' and 1.29 pday ™', respectively.
To calculate the specific growth rate of microalgae the following
formula was used,

Maximum growth rates (pmax)=(In (X,,—Xo))/(t,—t;)

Korean J. Chem. Eng.(Vol. 39, No. 1)



172

A.N. Roopashri and R. Makam

079MG014195.1_Scenedesmus_sp._VITEE1_large_subunit_ribosomal_RNA_ge
3 'KY741858.1_Tetradesmus_obliquus_isolate_7J_large_subunit_ribosom

1 KC145438.1_Scenedesmus_rotundus_strain_ BCP-SEV2VF49_28S_ribosoma
JX289896.1_Scenedesmus_rubescens_isolate_EP1H8_28S_ribosomal RNA
[ LC153788.1_Tetradesmus_obliquus_gene_for_28S_ribosormal_RNA_part

FR751177.1_Scenedesmus_obliquus_partial_28S_rRNA_gene_isolate_YS
HM103383.1_Scenedesmus_obliquus_isolate_YSR17_large_subunit_ribo
—MT188616.1_Tetradesmus_obliquus_isolate_GM_large_subunit_ribosom

MF661972.1_Tetradesmus_obliquus_strain_KMC24_large_subunit_ribos

0.009

rul{MHOAGOGS.l_Chlorococcum_oleofaciens_isolale_RDS_large_subunit_ri
MHO043200.1_Chlorella_variabilis_isolate_RD4_large_subunit_riboso

lKY741858.1_Tc-tradesmus_obliquus_isolale_7J_l.elrge_subunit_ribosom
MT110991.1_Ettlia_oleocabundans_isolate_RM_large_subunit_ribosoma
I JX415205.1_Eulia_oleoabundans_isolate_SE008_large_subunit_ribos
1 HE965013.1_Acutodesmus_obliquus_partial_28S_rRNA_gene_strain_KGE

FR751180.1_Scenedesmus_obliquus_partial_28S_rRNA_gene_isolate_YS

b HEB861890.1_Scenedesmus_obliquus_partial_28S_rRNA_gene_strain_KGE
HE974913.1_Acutodesmus_obliquus_partial_28S_rRNA_gene_strain_KGE

0.01
Fig. 4. Phylogenetic relationships of isolated Tetradesmus obliquus (MT188616.1) and Ettlia oleoabundans (MT110991.1) based on large sub-
unit ribosomal RNA gene.
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concentration (cells/mL) of (b) Tetradesmus obliquus and (d) Ettlia oleoabundans.

where, X,, is a maximum cell number, X, is an initial cell number,
t,, is the day of maximum cell number and t, is day of initial cell
number.

The maximum average cell concentration for Strain2 was around
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9.1x10° cells/mL, and Strain1 was 50x10° cells/mL, indicating that
Strainl had more cell density than Strain2. Both strains were fur-
ther subjected to lipid accumulation under nitrogen-deficient me-
dium and measured for lipid content.
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Fig. 6. Lipid accumulation study for Tetradesmus obliquus in nitro-
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4. Lipid Accumulation in Nitrogen Deprived Medium

Strainl and Strain2 were subjected to lipid accumulation study
by growing in nitrogen deprived medium for ten days. The lipid con-
tent in algae cultures was obtained by the solvent extraction method
and measured gravimetrically. The total lipid content of Strainl
extracted from the organic solvent mix was increased steadily in
percentage till the seventh day and then dropped down gradually,
as shown in Fig. 6. Day seven gave the highest yield of total lipid
of 51% based on dry cell weight. Hence, the optimal lipid content
was obtained on day seventh after the growth period of Strainl.
Though Strain2 also showed an increase in lipid accumulation in
nitrogen deprived medium that was comparatively less than Strain1.
Hence, Strainl Tetradesmus obliquus was selected for optimizing
the suitable solvent mixture for lipid extraction as well as cell wall
disruption methods.
5. Lipid Extraction with Different Solvent Mixtures

To test the best solvent mixture for lipid extraction from Tet-
radesmus obliquus was performed by selecting different solvent mix-
tures outlined in Step 7. The percentage of total lipid extraction was
obtained using the different solvent mixtures, as shown in Fig. 7(a).
The combinations of hexane/isopropanol and chloroform/metha-
nol in the ratios of 1:1, 1:2, and 2: 1 were used in the study. The
ratio of 2: 1 for both the combinations gave the highest lipid con-
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tent, ie., the mixture of hexane/isopropanol and chloroform/metha-
nol gave 52% and 47% of total lipids, respectively, while all other
combinations gave less total lipid percentage. Since the mixture of
hexane/isopropanol (2: 1) gave the highest yield of total lipids, the
same combination was used for lipid extraction in the further ex-
perimental study.
6. Different Cell Wall Disruption Techniques

Enhancement of lipid yield from microalga cells with a cost-
effective procedure can be achieved by applying an appropriate cell
disruption technique. If the employed technique releases the high-
est amount of intracellular lipids from microalga cells, then with a
suitable solvent mixture, lipid recovery can improve. Hence, differ-
ent cell wall disruption techniques were evaluated for releasing the
optimal lipid content from Tetradesmus obliquus. Fig. 7(b) shows
the results of total lipid content in percentage for the different
techniques. Among them, the combined method gave the highest
total lipid yield of 62%. Other methods such as grinding with
sand, mixing on a magnetic stirrer, thermolysis, and bead vortex-
ing ex- tracted 42.5%, 38.5%, 33.5%, and 19% of total lipids. By
this result, it confirmed that the method which was mentioned in
the step 8.5 as an optimized condition for releasing the lipid con-
tents from Tetradesmus obliquus.
7. Lipid Analysis and Characterization using FAME

The lipid from the cell pellet of Tetradesmus obliquus was sub-
jected to FAME analysis at IICT, Hyderabad, India. The results of
lipid characterization using FAME analysis are listed in Table 3.
From the retention time achieved by GC-MS, peak values were
examined and observed as, lauric acid (C12:0), myristic acid (C14:0),
palmitic acid (C16:0), margaric acid (C17:0), stearic acid (C18:0),
arachidic acid (C20:0), gadoleic acid (C22:0), lignoceric acid (C24:0),
palmiloteic acid (C16:1), oleic acid (C18:1), eichosenoic acid (C20:1),
and linoleic acid (C18:2). It was found that Tetradesmus obliquus,
which was grown in nitrogen deprived medium (N”), had shown
higher contents of saturated and monounsaturated fatty acids, ie.,
36.19% and 31.49%, respectively, than in nitrogen containing me-
dium (N") were 27.34% and 28.85%, respectively. The major frac-
tion of the FAMEs consisted of oleic acid (24.74+0.04), linoleic
acid (21.44+0.04) and palmitic acid (19.740.02) in nitrogen con-
taining medium (N*).

(b) m Tetradesmus obliquus
g
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&
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Fig. 7. Effect of different (a) solvent mixtures and (b) cell disruption methods for total lipid extraction from Tetradesmus obliquus. The sym-
bol represent Hex (hexane), Iso (isopropanol), Chl (chloroform), Met (methanol), DCW (dry cell weight). Error bars represent +SD.
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Table 3. Fatty acid methyl esters (FAMEs) profile of Tetradesmus obliquus cultured under N containing and N deficient media

Identified fatty acids N containing medium N deficient medium
C12:0 (Lauric Acid) 0.1440.02 0.68+0.09
C14:0 (Myristic Acid) 0.56+0.02 0.48+0.08
C16:0 (Palmitic Acid) 19.7+0.02 25.69+0.74
C16:1 (Palmiloteic Acid) 3.81+0.02 3.14+0.09
C16:3 (Hexadecatrieonic acid) 3.19+0.02 2.03+0.08
C17:0 (Margaric acid) 3.76+0.02 2.28+0.24
C18:0 (Stearic Acid) 1.8+0.02 5.11+0.38
C18:1 (Oleic acid) 24.74+0.04 27.68+0.28
C18:2 (Linoleic acid) 21.44+0.04 17.31£0.20
C18:3 (Gamma Linolenic acid) 1.56+0.02 0.93+0.18
C18:3 (Alpha Linolenic Acid) 12.14+0.02 8.28+0.30
C20:0 (Arachidic acid) 0.3940.02 0.53+0.05
C20:1 (Eichosenoic acid) 0.30+0.02 0.67+0.28
C22:0 (Gadoleic acid) 0.67+0.01 0.74%0.12
C24:0 (Lignoceric acid) 0.32+0.02 0.68+0.02
2SFAs 27.34 36.19
XMUFAs 28.85 31.49
Y~PUFAs 38.33 28.55

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids. Values are presented as means+standard

deviations

While, in nitrogen deprived medium (N”) the content of oleic
acid (27.68+0.28) and palmitic acid (25.69+0.74) were increased,
but there was decrease in linoleic acid (17.31+0.20). As well, poly-
unsaturated contents were high in nitrogen containing medium
(N*) compared with nitrogen deprived medium (N").

DISCUSSION

The present situation in the field of bioenergy is mainly focussed
on renewable energy; which can be obtained from materials derived
from biological sources. Since microalgae have a potentiality in oil
production, many industrial and research institutes are working
on processes to enhance the oil content in microalgae as well as oil
extraction procedures. Hence, the present study was focussed on
screening the potent microalgae strains that have high lipid pro-
ducing property, in order to convert the lipid into biofuel from the
carbon-neutral source. Initially, 20 microalgae strains were isolated
from different habitats in Bengaluru, India and characterized based
on their cell morphological study. Most of the screened isolates
belong to the family Scenedesmaceae, Chlorellaceae, Chlorococca-
ceae, and Botrydiopsidaceae. Further, the high lipid producing strains
were subjected to molecular characterization by using large sub-
unit ribosomal RNA gene universal primers. Strains 1 and 2 were
identified as Tetradesmus obliquus and Ettlia oleoabundans, respec-
tively, as these strains are closely related to respective genera based
on 93 to 95% sequence similarities. The growth rate of Tetradesmus
obliquus and Ettlia oleoabundans was determined by measuring
the cell count and optical density at 680 nm at an interval of 24 h.
The exponential period was seen until ten days and entered a sta-
tionary phase, which was followed by a declining phase. In the case
of other studies, isolates belong to the Scenedesmaceae family
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showed a longer exponential period till 20 days. This type of varia-
tion observed in the growth pattern may be due to adaptation to
their respective environmental conditions. Whereas higher growth
rate of Ettlia oleoabundans was recorded at 360 pEinsteins/m’/s irra-
diance, but not faster than other algal species [20]. While in the pres-
ent study, Tetradesmus obliquus and Ettlia oleoabundans showed a
faster growth rate at lower irradiance (50 uEinsteins/m’/s irradiance)
in selected ATCC 897 culture medium. Therefore, the fast-grow-
ing ability can be beneficial for the open cultivation of microalgae
on a large scale, and also helpful in the avoidance of contamination
problems. However, after days of the growth pH 7.2 of the culture
medium increased to pH 10, a similar variation in pH was docu-
mented in other studies [21,22].

After standardizing the growth conditions, selected strains were
grown in nitrogen-deprived medium to enhance the lipid produc-
tion. This study was conducted to find the actual duration at which
the maximum amount of lipid could be accumulated in the nitro-
gen-deprived medium, ie., from 1% to 10" day of growth. For this,
Tetradesmus obliquus and Ettlia oleoabundans were cultivated in a
two-step process to uphold the enhancement of lipid production.
In the first step, each microalga was grown in a nitrogen-contain-
ing medium and allowed to grow till the end of the exponential
phase to ensure the higher biomass production. In the second step,
cell biomass was harvested and washed, followed by transferring
biomass into a nitrogen-free medium to enhance the lipid content.
Similar type of cultivation technique was employed and had achieved
higher lipid production in Chlorella vulgaris SDEC-3M, Scenedesmus
sp. CCNM 1077, and Nannochloropsis oceanica [23-26]. The lipid
content of these cultures was promptly augmented when the bio-
mass from a nitrogen-rich medium was transferred to a nitrogen-
deficient one. Even the present study also observed that during the
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growth period, each strain exhibited considerable differences in
the accumulation of lipid content. Among the tested strains, Tet-
radesmus obliquus accumulated the highest amount of total lipid
content of 51% on day seven based on dry biomass. The Eftlia oleo-
abundans accumulated the maximum amount of lipid contents i.e.,
43% on the eighth day of the growth period. Both strains exhib-
ited a higher accumulation of total lipid content in the exponen-
tial growth phase. But in normal ATCC 897 broth medium lipid
content was moderately less, so increased lipid yield is an expected
response to stressful conditions as recorded in many studies. In one
of the reports Chiorella pyrenoidosa produced a higher amount of
total lipid content of 51% of dry biomass after 15 days of the incu-
bation period [5]. But in the present study; Tetradesrmus obliquus pro-
duced a higher amount of lipid within a shorter incubation period
in a nitrogen-deprived medium. Besides, it exhibited neutral lipid
content about 67% of total lipid, i.e., 51% of dry weight. Some mi-
croalgae such as Nannochloropsis sp., Isochrysis sp., Dunaliella salina,
Haematococcus pluialis, and Neochloris oleoabundans exhibited syn-
thesis of neutral lipids ranging from 23-80% of total lipid ranging
from 2-60% of dry weight [1,27-32].

Further, to enhance the total lipid yield from microalgae, the suit-
able solvent should be selected for extraction, since the free fatty
acids present in the lipid mainly manage the polarity. Generally,
each microalga has a different fatty acid composition, so a univer-
sal solvent cannot be used for all types of microalgae. By this, it
can be stated that the extraction of total lipid yields differs with
solvent polarity [33]. For this reason in the present study, four sol-
vents and their combinations were selected to comprehend the effec-
tiveness of organic solvents in lipid extraction from Tetradesmus
obliquus. Among the selected solvent combinations, the mixture of
hexane : isopropanol (2: 1) exhibited higher lipid yield (52%) than
with other combinations of solvents. In other study; species of Chlo-
tella and Schizochytrium exhibited 22% of total lipid yield with the
mixture of chloroform : methanol (2 : 1) than with the hexane com-
bine with other non-polar solvents, ie., chloroform [34,35]. The
individual solvent also attained less lipid yield than with a mixture
of polar and non-polar solvents [36,37]. Hence, in this study polar
and non-polar solvent combinations were chosen since a range of
polar and non-polar lipids is usually present in the microalgae. Simi-
larly, many research studies have shown that a combination of polar
and non-polar solvent mixtures extracted more lipids from microalga
cells. Presently, many methods have already been reported, but few
methods are extensively using for the extraction of lipids from
endogenous cells, i.e., the Folch method is implemented by the use
of chloroform : methanol in the ratios of 2:1 by volume, as well
as the Bligh and Dyer method is performed by using 1:2 (v/v)
chloroform : methanol solvent mixtures [38,39]. Both methods de-
liver better recovery of nearly all major classes of lipids. One more
method is performed by using methyl-tert-butyl ether : methanol :
water (10:3:2.5, v/v/v) and dissolved lipid extract in chloroform :
methanol : water (60 : 30 : 4.5, v/v/v) to attain complete lipid recov-
ery [40]. In other cases, usage of chloroform : ethanol solvent mix-
tures in a ratio of 1 : 1 gave maximum lipid yield from Chlorella sp.
[35]. These methods, generally use chloroform as the extracting
solvent. However, the lipid extraction is very effective, but the ap-
plication of these methods at large-scale is highly dangerous to the

environment. Hence, research studies have suggested using less-
toxic alternative solvents, such as ethanol, hexane, isopropanol, buta-
nol, and acetic acid esters for lipid extraction from microalgae cells
[41].

Various cell disruption techniques were compared to improve
the recovery of total lipid yields, including grinding with sand, bead
vortexing, thermolysis, mixing on magnetic stirrer, and a combi-
nation of grinding with sand and saponification. All the cell dis-
ruption methods attempted in this study were able to disrupt alga
cells, even though the lipid yield varied. The highest lipid extraction
yield was obtained using a combination of grinding with sand and
saponification, ie., 62% from Tetradesmus obliquus. The saponifi-
cation step was proved to be very effective in removal of chlorophyll
Similar method was applied to optimize the condition for removal
of chlorophyll from Scenedestus biomass using saponification
reagent, mainly consisting of ethanol-NaOH and resulted in the
chlorophyll removal rates of 92% with the lowest rate of loss in total
lipid contents [42]. One of the studies had shown that the osmotic
shock technique was suitable for the disruption of cells of Schi-
zochytrium sp. and Thraustochytrium sp. [34]. Other techniques,
such as microwave, grinding with liquid nitrogen, and sonication,
enabled to extract high lipid contents from Botryococcus sp., Chlo-
rella vulgaris, and Scenedesmus sp. [43-45]. In another research study
had tested various cell disruption techniques, including autoclaving,
microwaving, osmotic shock, and pasteurization in the seven day
old microalgae cultures like Chlorococcum sp. MCC30, Botryococ-
cus sp. MCC31, Botryococcus sp. MCC32, and Chlorella sorokini-
ana MICGS; the obtained lipid content (on dry weight) ranged
from 11.15 to 48.33% [46]. These results suggest that, to improve
the lipid extraction yield from microalgae, selection of suitable cell
wall disruption technique is highly applicable. Since each microalga
has a different cell wall structure, all of them not respond the same
to different types of cell wall disruption techniques. Hence, research
studies have suggested that results achieved from one species could
not be compared with other species [47].

The microalga oil belonging to the Tetradesmus obliquus exam-
ined for fatty acid compositions using GC-MS analysis exhibited
the following fatty acid profiles: C12:0, C14:0, C16:0, C16:1, C16:2,
C16:3, Cl64, C17:0, C180, C18:1, C18:2, C18:3, C18:4, C20:0, C20:1,
C22:0, and C24:0. Main fatty acids like palmitic acid (C16:0), stea-
ric acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) were
found in both nitrogen-containing and nitrogen-deficient media
wherein microalga was cultivated. The C16-C18 fatty acid compo-
nents are essential for the production of high-quality biofuel to
exhibit good performance in combustion and low-temperature
flow [48]. The proportion of C16-C18 fatty acids exceeded 95% of
the total fatty acids in both tested media. One of the studies re-
ported that the proportion of C16-C18 fatty acids increased to
80% by following a two-step cultivation method [23]. Whereas in
the present investigation, by employing the two-step cultivation
method, the proportion of main components like palmitic acid
(C16:0), stearic acid (C18:0), and oleic acid (C18:1) were increased
considerably in the nitrogen-deficient medium. But the contents
of hexadecatrieonic acid (C16:3), linoleic acid (C18:2), a-linolenic
acid, and plinolenic acid (C18:3) were decreased in the same
medium. According to European biodiesel standard (EN14214)
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for biodiesel production, it should contain high levels of saturated
and monounsaturated fatty acids with low levels of polyunsatu-
rated fatty acids, particularly C18:3 or C16:3 [44]. Thus, the lesser
in a proportion of these components in a nitrogen-deficient medium
proved to be acceptable for the production of good quality bio-
fuel. Shao et al. [49] reported that Tetradesmus obliquus grown in
medium containing 10" mmol L™ ferric iron had significantly
higher amount of saturated and monounsaturated fatty acids than
in medium containing a lower amount of iron concentration, in-
dicating that changes in fatty acid components in each type of
microalgae strains mainly depend upon the presence of nutrient
components in a growth medium [49]. The present study demon-
strated that the cultivation of microalga in the nitrogen-deficient
medium could improve the production of desirable fatty acid com-
ponents, which could be applied to biofuel production.

CONCLUSIONS

An attempt was made to grow microalgae in nitrogen deficient
medium to improve the lipid production in cells. Suitable cell dis-
ruption and lipid extraction techniques were implemented to
achieve higher lipid and fatty acid yield. The outcomes of this study
conclusively established that microalgae cultures with high lipid
producing characteristics are present in diversified habitats. They
need to be well characterized and exploited commercially toward
the production of renewable biofuel for the wellness of the society.
Finally, we can conclude that among screened isolates, Tetradesrmus
obliquus Strainl produced the highest total lipid content, suggest-
ing that it has significant potential for biofuel production and can
be used for the same.

ACKNOWLEDGEMENT

The authors wish to thank the Department of Biotechnology
(DBT), Government of India, for having funded the project [BT/
PR5579/PBD/26/300/2012]. They wish to acknowledge the Indian
Institute of Chemical Technology (IICT), Hyderabad, India, for hav-
ing carried out the FAME analysis in kind and Department of Bio-
technology, PES University, Bengaluru, India, for providing laboratory
facility.

REFERENCES

1. Y. Chisti, Biotechnol. Adv., 25, 294 (2007).

2.B. Liam and O. Philip, Renew. Sustain. Energy Rev,, 2, 557 (2010).

3. E Mairet, O. Bernard, P. Masci, T. Lacour and A. Sciandra, Biore-
sour. Technol,, 1, 142 (2011).

4.7. Singh and S. Gu, Renew. Sustain. Energy Rev., 9, 2596 (2010).

5.A.Y. Liu, W. Chen, L.L. Zheng and L.R. Song, Progr. Natur. Sci.
Mater. Intern., 21, 269 (2011).

6.L. Xin, H. Hong-Ying, G. Ke and S. Ying-Xue, Bioresour. Technol.,
101, 5494 (2010).

7.K.L. Yeh and J. S. Chang, Biotechnol. J., 6, 1358 (2011).

8.A. M. Karim, A. Islam, Z.B. Khalid, C. K. M. Faizal, M. R. Khan
and A. Yousuf, Microalgae cultivation for biofuels production chap-
ter 9, Academic Press Publication-Elsevier, New York (2020).

January, 2022

9.Y.Li, EG. Naghdi, S. Garg, T.C. A. Vega, K.]. Thurecht, W. A.
Ghafor, S. Tannock and P. M. Schenk, Microb. Cell. Factor, 13, 14
(2014).

10. B. Wawrik and B. H. Harriman, J. Microbiol. Methods, 80, 262 (2010).

11.M. De la Vega, E. Diaz, M. Vila and R. Leon, Biotech. Progr., 27,
1535 (2011).

12. A.R. Sherwood, J. Phyc., 43, 1104 (2007).

13.S. Jazzar, J.Q. Medina, P.O. Carrillo, M. N. Marzouki, E G. A. Fer-
nandez, J. M. E Sevilla, E.M. Grima and I Smaali, Biores. Technol.,
190, 281 (2015).

14.R.R.L. Guillard and M. S. Sieracki, in Algal culturing techniques,
R. A. Andersen Eds., Elsevier Academic Press (2005).

15.Y. Chen and S. Vaidyanathan, Anal. Chim. Acta, 724, 67 (2012).

16.]. Kim, G. Yoo, H. Lee, J. Lim, K. Kim, C. W. Kim, M. S. Park and
J. W. Yang, Biotechnol. Adv, 31, 862 (2013).

17.R. Ranjith Kumar, P. Hanumantha Rao and M. Arumugam, Front.
Energ. Res., 2,1 (2015).

18. M. ]. Fletcher, Clin Chim. Acta, 22, 393 (1968).

19.S. Zhu, W. Huang, J. Xu, Z. Wang, J. Xu and Z. Yuan, Biores. Tech-
nol., 152, 292 (2014).

20. L. Gouveia and A. C. Oliveira, J. Indus. Microb. Biotech., 36, 269
(2008).

21.S. Sathya and S. Srisudha, Int. J. Rec. Sci. Res., 4, 1432 (2013).

22.C. Dayananda, A. Kumudha, R. Sarada and G. A. Ravishankar,
Scient. Res. Ess., 5, 2497 (2010).

23.Z. Yu, H. Pei, L. Jiang, Q. Hou, C. Nie and L. Zhang, Bioresour.
Technol., 247, 904 (2018).

24.1. Pancha, K. Chokshi, B. George, T. Ghosh, C. Paliwal, R. Maurya
and S. Mishra, Bioresour. Technol., 156, 146 (2014).

25.7. Jia, D. Han, H. G. Gerken, Y. Li, M. Sommerfeld, Q. Hu and J.
Xu, Algal. Res., 7, 66 (2015).

26.E Qi, H. Pei, G. Ma, S. Zhang and R. Mu, Ener. Convers. Manag,
129, 100 (2016).

27.A. Vanitha, M. S. Narayan, K. N. C. Murthy and G. A. Ravishan-
kar, Int. J. Food Sci. Nutr., 58, 373 (2007).

28.C. M. Damiani, C. A. Popovich, D. Constenla and P.I. Leonardi,
Bioresour. Technol., 101, 3801 (2010).

29. G. Bougaran, C. Rouxel, N. Dubois, R. Kaas, S. Grouas, E. Lukomska,
J.R. Le Coz and J. P. Cadoret, Biotechnol. Bioeng., 109, 2737 (2012).

30. E Bona, A. Capuzzo, M. Franchino and M. E. Maffei, Algal. Res., 5,
1(2014).

31.Y.B. Ma, Z. Y. Wang, C.]. Yu, Y. H. Yin and G. K. Zhou, Bioresour.
Technol., 167, 503 (2014).

32.H.T. Yu, EL. Tian, H. Y. Wang, Y. H. Hu and W.L. Sheng, Adv.
Mater. Res., 953, 281 (2014).

33.Y. Du, B. Schuug, S.R. A. Kersten and D. W. E Brilman, Algal. Res.,
11, 271 (2015).

34. A.R. Byreddy, A. Gupta, C.]. Barrow and M. Puri, Mar. Drugs, 13,
5111 (2015).

35.K. Ramluckan, K. G. Moodley and E Bux, Fuel, 116, 103 (2014).

36.T. Lewis, P. D. Nichols and T. A. McMeekin, J. Microbiol. Methods,
43, 107 (2000).

37.E. Ryckebosch, K. Muylaert and I. Foubert, J. Am. Oil. Chem. Soc.,
89, 189 (2012).

38.]. Folch, M. Lees and G. H. Sloane-Stanley, J. Biol. Chem., 226, 497
(1957).



A comprehensive study on enhancement of lipid yield from Tetradesmus obliquus MT188616.1 177

39.E. G. Bligh and W.]. Dyer, Can. J. Biochem. Physiol., 37, 911 (1959).

40. V. Matyash, G. Liebisch, T. V. Kurzchalia, A. Shevchenko and D.
Schwudke, J. Lipid. Res., 49, 1137 (2008).

41.]. Sheng, R. Vannela and B. E. Rittmann, Bioresour. Technol., 102,
1697 (2011).

42.T. Li, J. Xu, H. Wu, G. Wang, S. Dai, ]. Fan, H. He and W. Xiang,
Mar. Drugs, 14, 162 (2016).

43.].Y. Lee, C. Yoo, S. Y. Jun, C. Y. Ahn and H. M. Oh, Bioresour. Tech-
nol., 101, S75 (2010).

44.H. Zheng, J. Yin, Z. Gao, H. Huang, X. Ji and C. Dou, Appl. Bio-
chem. Biotechnol., 164, 1215 (2011).

45.P. Prabakaran and A. D. Ravindran, Lett. Appl. Microbiol., 53, 150
(2011).

46. S. Rakesh, D. W. Dhar, R. Prasanna, A. K. Saxena, S. Saha, M. Shukla
and K. Sharma, Eng. Life. Sci., 1 (2015).

47.R. Halim, R. Harun, M. K. Danquah and P. A. Webley, Appl. Energy,
91, 116 (2012).

48.K. Singh, D. Kaloni, S. Gaur, S. Kushwaha and G. Mathur, Biofu-
els, 11, 1 (2020).

49.Y. Shao, H. Fang, H. Zhou, Q. Wang, Y. Zhu and Y. He, Biotech-
nol. Biofuels, 10, 300 (2017).

Korean J. Chem. Eng.(Vol. 39, No. 1)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


