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Abstract

The present study was aimed to consider the effect of light intensity on the growth and lipid accumulation properties of a
freshwater microalga Chlorococcum oleofaciens KF584224.1. The microalga was cultivated at five different light intensities
of 50, 100, 200, 400, and 800 pmol photons m > s ' for 20 days. The culture curves illustrated the fastest growth rate for
microalgae illuminated with 200 pmol photons m > s !, while the longest exponential growth curve was obtained in culture
illuminated with 400 pmol photons m > s '. Once algae reached the stationary phase, the maximum biomass productivity
(367.82+21.63 mg L' day ') was found in culture illuminated with 200 mol photons m > s ™', while the highest lipid content
(59.18 £ 1.62%) and lipid productivity (126.72+3.27 mg L™ day ') were achieved in culture illuminated with 400 pmol
photons m 2 s, The ratio of saturated fatty acids significantly increased with enhancing light illumination, while the ratio of
monounsaturated fatty acids and polyunsaturated fatty acids tend to decline (p < 0.05). The properties of biodiesel obtained from
C. oleofaciens cultured under 50 pmol photons m 2 s~ met the specifications provided by the international biodiesel standards
(European EN 14214 and US ASTM D6751), higher light illumination improved the biodiesel quality. Findings of the present
study demonstrated that light intensity could improve the lipid productivity and biodiesel properties obtained from C. oleofaciens

as a potential feedstock for biofuel production, especially under 400 wmol photons m > s ' light intensity.
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Introduction

Microalgae are heterogeneous organisms with a vast array of
distinct advantages which their cultivation has received grow-
ing attention for biodiesel production in recent years. They
represent fast generation time and high photosynthetic effi-
ciency in various environmental conditions, while no high-
quality arable land is required to grow the biomass [1].
Some algal species accumulate large amount of neutral lipids
mainly in the form of triacylglycerols that can be readily con-
verted into alkyl esters to obtain biodiesel and other sources of
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energy [2]. Microalgae can also utilize carbon dioxide, one of
the major greenhouse gases with a significant cause of anthro-
pogenic activities related to global warming, while their bio-
mass residue could also be utilized for biogas or fertilizer
production [3].

Growth pattern and secondary metabolite production of
microalgae depend on media composition (nitrogen, phospho-
rous, iron, and sulfur) or growth conditions (temperature, pH,
and light intensity) [4]. Basically, light is one of the most
important parameters which affect the algae growth by pro-
viding the energy to support their metabolism and efficient
conversion into biomass. It has been well established that
microalgae could grow on various light intensities, although
considerable changes may occur in their photosynthetic activ-
ity, pigments content, or lipid profile [S]. Industrial algal cul-
tivation systems commonly use the continuous illumination to
maximize the biomass production, while the appropriate light
intensity varies from 60 to 120 umol photons m % s~ accord-
ing to the species-specific characteristics [6]. However, the
light energy beyond the saturation point may induce
photoinhibition damage due to the inability of algal
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photosynthetic apparatus to absorb the light irradiance, lead-
ing to an impaired biomass production [7].

From the economic point of view, the selection of appro-
priate oil-rich algal species is the first key step for the devel-
opment of a biofuel production program from microalgae [8].
Among various microalgae reported in the literature, the ge-
nus Chlorococcum is a unicellular green microalga with rapid
growth rate, high lipid content, and great adaptability to vari-
ous conditions making it an excellent candidate for biodiesel
production [9]. In the work of Sun et al. [10], Chlorococcum
sp. exhibited higher biomass productivity
(131.44 mg L™" day ") compared to the other four microalgal
species belonging to the genera Scenedesmus, Micractinium,
and Neochloris. An improved lipid productivity was also stat-
ed in C. ellipsoideum (130.4 mg L' day ') and C. nivale
(161.7 mg L™" day ') under nitrogen insufficient condition
[11]. Furthermore, the biodiesel properties obtained from
Chlorococcum sp. found within the limits set by international
standards due to the presence of more than 80% C16-C18
fatty acids in parallel with a linolenic acid (C18:3) content
below 10% [9].

Knowledge about the behavior of microalgal strains under
different biotic or abiotic conditions is imperative to enhance
their economic feasibility for biodiesel production.
Chlorococcum oleofaciens is a freshwater algal species with
numerous oil droplets which can become yellow-orange dur-
ing the cultures aging making it an appropriate candidate for
biodiesel production [12]. While numerous investigations
have carried out on the response of various Chlorococcum
strains to changes in medium nutrient concentrations [10,
13], there are no systematic researches regarding the applica-
tion of light intensity on the strain C. oleofaciens for biodiesel
production. Accordingly, the present study was conducted to
investigate the effect of light intensity on growth, lipid pro-
ductivity, and fatty acid composition of C. oleofaciens. The
biodiesel properties of the extracted lipid have also been eval-
uated based on the fatty acid profile and compared with the
standard biodiesel specifications.

Materials and Methods
Strain Isolation and Culture Condition

Freshwater strain C. oleofaciens KF584224.1 was obtained
from Zakarya-e-Razi Laboratory Complex, IAU University,
Tehran, Iran. The isolate is originally collected from a water
body in Shemiranat County, Tehran, Iran, which has a mid-
latitude climate with warm and humid weather in summer
(sampling time) and mild temperature in winter. The water at
the collection site shows an annual basic pH value of 8.35 with
average temperature of 28.5 °C, average dissolved oxygen

8.59 mg L', and electrical conductivity of 362.84 uS m™'.
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All other detained steps and operating conditions about col-
lection, isolation, and purification were described in our pre-
vious work [14].

Monoclonal culture of C. oleofaciens was obtained by re-
peated plate streaking in BG11 broth as the basal culture me-
dia composed of (g L™ ") NaNOs;, 1.5; K,HPO,, 0.03;
MgS0,4.2H,0, 0.075; CaCl,.2H,0, 0.036; citric acid, 0.006;
ferric ammonium citrate, 0.006; EDTA, 0.001; Na,COs,
0.020; and trace elements 1 mL containing (g L") H;BOs,
2.86; MnCl,.4H,0, 1.81; ZnSO4.7H,0, 0.222;
NaMoO.5H,0, 0.390; CuS0O4.5H,0, 0.0790;
Co(NO3),.6H,0, 0.0494. Antibiotics such as cefotaxime
(100 ppm), ampicillin (100 ppm), and erythromycin
(20 ppm) were also used for the maintaining axenic status of
microalgal cultures. The isolate was then grown in 1-L
Erlenmeyer flasks containing 500 mL sterilized BG11 medi-
um and incubated under constant illumination using cool
white fluorescent lamps at 200 pumol photons m 2 s ' and
100 rpm for aeration. The culture pH was kept at 7.5 +0.1,
while the temperature was adjusted to 30 °C based on the
environmental condition of isolation place and those applied
for the maintenance of this species in our previous research
[14]. All materials and media were autoclaved for 20 min at
121 °C to prevent any contamination throughout the isolation
and cultivation.

Experimental Setup for Different Light Intensity

An exponentially growing culture of C. oleofaciens having the
OD75( (optical density at 750 nm) of 0.8 was applied for
inoculating 20 (5 x 4) sterilized 1-L Erlenmeyer flasks having
autoclaved BG11 Medium (50% v/v). To explore the effect of
various light intensity, each set of 4 experimental flasks were
subjected to different light intensities (50, 100, 200, 400, and
800 pmol photons m > s~ ") by keeping the cultures at various
distance from the light source provided from cool white fluo-
rescent lamps with spectral distribution ranging from 380 to
760 nm. The designated irradiances were measured at the
surface of experimental flasks using a digital photometer
(LI-185B, Li-COR, Lincoln, NE, USA). The experimental
light intensities were selected based on previous experiments
performed on the Chlorococcum genus [10, 13] and similar
studies that examined the effect of different irradiances on the
growth of algae for biodiesel production [6]. The cultures
were cultivated under the same conditions as described above
and incubated in quadruplicate for 20 days to evaluate their
growth characteristics and lipid productivity under different
light intensities.

Growth Estimation and Biomass Evaluation

The microalgal growth was spectrophotometrically assessed
by drawing aliquots of 2 mL from the culture flasks at regular
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interval of 2 days and measuring the OD75o using a UV-vis
spectrophotometer (UV-2401 PC, Shimadzu Corporation,
Kyoto, Japan). Algal suspensions were diluted with appropri-
ate ratios if absorbance measurements exceeded a value of 1.0
and the actual OD-so was determined by multiplying OD-5q
value with the dilution ratio. Cell density (No mL™") at a given
cultivation time was monitored as increase in available OD75
calibrated separately to give the cell counts under different
light intensities of 50 (R*=0.998), 100 (R*=0.994), 200
(R*=0.997), 400 (R*=0.998), and 800 (R*=0.987) pmol
photons m % s

Dry weight was evaluated by centrifuging 20 mL of the
culture medium using a high-speed centrifuge (3-30 K,
SIGMA Laborzentrifugen GmbH, Osterode, Germany) at
12000xg for 15 min at 4 °C. The resulting pellets were washed
twice with deionized water and lyophilized in a vacuum freeze
dryer (CHRIST, Alpha 1-4 LSC, Osterode am Harz,
Germany) at —40 °C for 48 h until the constant weight was
achieved for dry weight measurement. Biomass productivity
(BP, g L! dayfl) was calculated via Eq. (1):

BP = (DWz_DW])/(tz_tl) (1)

where DW, and DW; were algal dry weight in mg L™" har-
vested from the two sampling points ¢, and ¢, respectively.

Lipid Extraction and Productivity Analysis

Once algae reached the stationary phase, the total lipids were
extracted from freeze-dried biomass pellets according to the
well-known method of Bligh and Dyer [15]. Lyophilized al-
gae powder (20 mg) was immersed in a mixture of chloro-
form: methanol (2:1, v/v) for 24 h, while ultrasonication was
used at 70 Hz intensity with a sonicator for 30 min at ambient
temperature to break the algal cells. The process was repeated
twice until the total lipids were fully extracted. The mixture
was then centrifuged at ambient temperature and stood for
layer separation. The chloroform:methanol layer with total
lipids was washed twice with KCl solution and evaporated
using the vacuum freeze dryer at — 90 °C. Thereafter, the total
lipids were weighed using an analytical balance (EP 120A,
Precisa, Dietikon, Switzerland) and lipid content (LC, %) cal-
culated as the percentage of lipid weight in the cell dry weight
according to Eq. (2) [16]:

LC =100 x WEL/WDA (2)

where Wg; and Wp, were the weight of extracted lipid and dry
algal biomass, respectively. The lipid productivity (LP;
g L' day ") was also determined using the following Eq.
() [16]:

LP =BP x LC (3)

where BP is the biomass productivity (g L' day ') and LC is
the lipid content (%).

Fatty Acid Profile Analysis

The lipid composition was assessed following the method
described by Kunrunmi et al. [17] with some modifications.
In brief, the extracted lipid was transesterified into fatty acid
methyl esters (FAMEs) by adding 1 mg of hexane to every
5 mg of extracted lipid after using 0.5 mL methanolic potas-
sium hydroxide (100 pl of 2 M concentration) at room tem-
perature overnight. After the transesterification, the solution
was acidified with 5 N HCI before extraction with petroleum
ether at 60 °C to liberate fatty acids from the respective potas-
sium salts. When complete phase separation occurred, the
organic phase containing biodiesel was collected for FAMEs
analysis.

Gas chromatographic (GC) analysis was performed by
injecting 1 pl of the FAMEs sample in a Hewlett-Packard
5890 series II gas chromatograph (Palo Alto, CA, USA)
equipped with a flame-ionization detector (FID) detector
using an Omegawax 320 column (30 m % 0.32 mm L.D. x
0.25 pum; Supelco, Bellefonte, PA, USA). Helium was used
as eluent gas with a flow rate of 30 ml min~'. The injector and
detector temperature were held at 260 °C. The initial temper-
ature of column was set at 60 °C and increased to 170 °C ata
rate of 10 °C min ", followed by a rise to 180 °C at a rate of
2 °C min "', where it was maintained constant for 2 min. The
temperature was then increased to 230 °C at a rate of
2 °C min ', kept hold for 1 min, thereafter increased to
240 °C at a rate of 1 °C min" !, where it remained unchanged
until all FAMEs were eluted. Fatty acids were identified by
comparison of their retention times with those of standard
ones (Supelco 37 components FAME mixture, Bellefonte,
PA, USA).

Biodiesel Properties Evaluation

The FAME composition obtained from C. oleofaciens was
assessed for its biodiesel quality by determining the fuel attri-
butes such as saponification value (SV), iodine value (IV),
cetane number (CN), degree of unsaturation (DU), long chain
saturated factors (LCSF), and cold flow plugging point
(CFPP) using empirical formulas mentioned in Egs. (4)—(9),
respectively [3]:

SV = ¥(560 x F)/MW (4)
IV = ¥(254 x F x D)/MW (5)
CN = (46.3 + 5458/SV)—(0.225 x IV) (6)
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DU = (MUFA, wt%) + (2 x PUFA, wt%) (7)
LCSF = 0.1 x C16+ 0.5 x C18 + 1 x C20 + 1.5

x C22 + 2.0 x C24 (8)
CFPP = 3.1417 x LCFS-16.477 (9)

where F is the percentage of each fatty acid, MW is the mo-
lecular weight of respective fatty acid, D is the number of
double bonds, MUFA is monounsaturated fatty acids, and
PUFA is polyunsaturated fatty acids.

Statistical Analysis

Results were expressed as means of four replicates + standard
deviations (SD). The data were analyzed for significant differ-
ences using one-way analysis of variance (ANOVA) followed
by Duncan’s new multiple range test with the SPSS 12.0 sta-
tistical package for Windows (SPSS Inc.) software. A p value
less than 0.05 was regarded as significant.

Results

Effect of Different Light Intensity on Growth Profile of
C. oleofaciens

The cell growth of C. oleofaciens in the BG11 medium illu-
minated with different light intensities are depicted in Fig. 1.
The culture curves illustrated the fastest growth rate for algae
illuminated with 200 pmol photons m > s~ after reaching the
stationary phase on the 18th day of incubation with the max-
imum cell densities 1.68 and 1.39-folds higher than those
grown under 50 and 100 umol photons m > s~ light intensi-
ties, respectively. A further increase in light intensities to
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400 pmol photons m 2 s ' decreased the growth rate of algae
during the experiment. However, no significant difference was
observed in the final cell density of algae grown in cultures
illuminated with 200 and 400 pmol photons m 2 s™'. With
rising light intensity to 800 wmol photons m > s, the
microalgal growth leveled off to the minimum value of
0.72 x 107 cell mL™" after 12 days. Cell cultured under
50 umol photons m > s ' illumination reached the stationary
growth phase after 12 days of incubation, while cultures sup-
plemented with 400 pmol photons m 2 s~ exhibited the lon-
gest exponential growth phase of 18 days compared to the
other experimental treatments. The algae grown under 100
and 400 umol photons m > s~ illuminations were also entered
into the stationary phase after 18 and 16 days of incubation,
respectively.

The specific growth rate of the strain was significantly
influenced by different light intensities (Fig. 2). The highest
specific growth rate of 0.39+0.01 day ' was found in the
culture illuminated with 200 pmol photons m > s~' that was
significantly higher than those cultures illuminated with 50
and 100 pmol photons m 2 s~'. However, no significant dif-
ference was observed in specific growth rate of cells cultured
under 200 and 400 umol photons m > s~ light densities.

Effect of Different Light Intensity on Biomass and
Lipid Productivity of C. oleofaciens

Once cultures reached the stationary phase, the biomass pro-
ductivity, overall lipid content, and lipid productivity of cells
cultivated under different light intensities were determined. As
shown in Table 1, the rise in light intensity resulted in in-
creased biomass productivity with a maximum level of
367.82+21.63 mg L' day ' in culture illuminated with
200 umol photons m2s . However, no significant difference
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Fig. 2 The specific growth rate of Chlorococcum oleofaciens
KF584224.1 cultured under different light intensities. Different small
letters on each column indicate significant difference at p <0.05. Error
bars represent + SD of four replicates

was recorded in biomass productivity of cultures illuminated
with 200 and 400 pmol photons m ™2 s™'. Further increase in
light intensity to 800 pmol photons m > s ' showed a signif-
icant decrease in the biomass productivity (p <0.05). On the
other hand, the lipid content reached a maximum of 59.18 +
1.62% in culture illuminated with 400 pmol photons m *s ™!,
beyond which the lipid content decreased significantly
(p <0.05). Similar results were also found for lipid productiv-
ity with the highest lipid productivity in culture illuminated
with 400 umol photons m 2 s !, whereas cells cultured under
light intensity of 800 wmol photons m 2 s~' showed the lowest
lipid productivity of 50.36 +0.35 mg L™ day .

Effect of Different Light Intensity on Fatty Acid Profile
of C. oleofaciens

The fatty acid composition of C. oleofaciens grown under differ-
ent light intensities is given in Table 2. The isolated strain pos-
sessed fatty acids in the range of C12:0 to C22:0, while FAMEs
of 16 to 18 carbon chain length accounted for more than 84.24%
of total fatty acids in cells grown under various illumination.
Cells cultured under 50 pmol photons m > s ' had shown lipid

composition of palmitic acid (C16:0; 28.23 +0.74%), oleic acid
(C18:1; 17.61 £1.44%), stearic acid (C18:0; 14.32+1.73%),
and linoleic acid (C18:2; 13.92 + 1.85%) as the major contribut-
ing fatty acids. When the cultural light intensity reached
400 umol photons m 2 s, the major fatty acids were palmitic
acid (38.06 + 1.73%), stearic acid (29.80 =2.61%), myristic acid
(C14:0; 9.47+0.72%), and oleic acid (6.43 £0.82%). By in-
creasing the cultivation irradiance, the ratio of saturated fatty
acids (SFAs) significantly increased from 50.08 £3.51% to
89.10 +5.83%, while the ratio of monounsaturated fatty acids
(MUFASs) and polyunsaturated fatty acids (PUFAs) significantly
decreased from 26.61 £2.01% to 5.63 =0.78% and from 23.31
+1.93% to 5.27 £0.69%, respectively (p < 0.05).

Effect of Different Light Intensity on Characteristic
Attributes of Biodiesel from C. oleofaciens

The intensity of light significantly affected the estimated bio-
diesel properties based on the fatty acid profile (Table 3). The
CN of methyl esters illustrated an increasing trend with in-
creasing light density from 55.47 in culture illuminated with
50 umol photons m %5~ to the maximum of 68.60 in culture
illuminated with 400 pmol photons m > s '. On the contrary,
the DU significantly declined with increasing light intensity to
a minimum of 26.25% in culture illuminated with 400 umol
photons m > s'. The IV showed a similar trend to the DU
with the lowest value of 16.30 g 1, 100 g ' in culture illumi-
nated with 400 pumol photons m 2 s ', On the other hand, the
LCSF and CFPP positively correlated with culture light den-
sity with the highest value of 24.58 and 60.75 °C in culture
illuminated with 400 pmol photons m 2 s~ ', respectively.
However, no significant difference was obtained in SV of oil
extracted from algae grown under different light intensities.

Discussion

Among various effective factors recognized for optimization
of microalgal growth, light is a key parameter to be considered

Table 1 Biomass productivity,

extractable lipid content, and lipid Light intensity (umol photons Biomass productivity Lipid content Lipid

productivity of Chlorococcum m?s) (mg L' day ") (%) PFOdUCEVitY B

oleofaciens KF584224.1 cultured (mg L day ")

under different light intensities

after reaching the stationary phase 50 127.36 + 3.14° 28.16 = 0.74° 70.25 + 1.67°
100 196.41 + 2.69° 31.75 £ 1.19° 92.87 +3.26°
200 367.82 + 21.63¢ 4329+ 1319 12672 +327¢
400 351.17 + 15.63¢ 59.18 + 1.62° 198.32 + 4.61°
800 27.83 £ 0.93* 26.35 + 0.62* 50.36 + 0.35%

Values are presented as means + standard deviations of four replicates. Different small letters on each column
indicate significant difference at p < 0.05 based on Duncan’s new multiple range test
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Table 2
stationary phase

Fatty acid methyl esters (FAME) profile of Chlorococcum oleofaciens KF584224.1 cultured under different light intensities after reaching the

Fatty acid Light intensity (wmol photons m 2 s~ ')
50 100 200 400 800

C12:0 (lauric acid) 0.54 + 0.02a 0.59 = 0.03a 0.73 + 0.04b 0.83 + 0.06¢ 0.86 = 0.04c
C14:0 (myristic acid) 5.59+£0.0la 6.23 + 0.58ab 6.85 £0.01b 947 £0.72¢ 10.98 + 0.96d
C14:1 (myristoleic acid) 2.66 = 0.41d 2.06 +£0.27¢ 0.76 = 0.08b 0.48 + 0.04ab 0.33 + 0.06a
C16:0 (palmitic acid) 28.23 + 0.74a 30.23 + 0.85b 33.71 £ 1.26¢ 38.06 = 1.73d 41.70 £ 1.24¢
C16:1 (palmitoleic acid) 6.34 + 0.42d 5.41 £ 0.65¢ 4.81 + 0.86¢ 224 +£0.19b 1.05 +£0.13a
C16:2 (7,10-hexadecanoic acid) 0.96 = 0.14¢ 0.95 +£0.21¢c 0.94 + 0.18¢ 0.61 = 0.12b 0.07 £0.01a
C18:0 (stearic acid) 1432 £ 1.73a 18.16 = 1.94b 24.67 £ 2.07c 29.80 + 2.61d 31.97 £2.55d
C18:1 (oleic acid) 17.61 + 1.44¢ 1526 = 1.31d 11.87 £ 1.16¢ 6.43 £ 0.82b 425+ 031a
C18:2 (linoleic acid) 13.92 + 1.62¢ 12.27 £ 1.07d 7.39 £ 0.88¢c 526 £0.61b 3.19 £ 0.37a
C18:3 (alpha-linolenic acid) 8.43 +£0.92d 6.28 + 0.39¢ 530+ 0.21b 2.68 £0.17a 2.01 £0.17a
C20:0 (arachidic acid) 0.16 = 0.03a 0.29 = 0.05b 0.23 + 0.04ab 0.67 + 0.09d 0.37 = 0.03¢
C22:0 (behenic acid) 1.24 £ 0.14a 2.27 + 0.20b 2.74 £ 0.19¢ 3.22+0.17d 3.47 +£0.28d
>'SFAs 50.08 = 3.51a 57.77 £ 4.58b 68.93 +4.27¢ 82.30 + 3.49d 89.10 + 5.83¢e
>MUFAs 26.61 £2.01e 22.73 £ 1.96d 17.44 £ 1.73¢ 9.15+1.21b 5.63 +0.78
>PUFAs 23.31 £ 1.93¢ 19.50 + 1.84d 13.63 £ 1.49¢ 8.55 +0.92b 5.27 + 0.69a

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

four replicates. Different small letters on each row indicate significant difference (p < 0.05) based on Duncan’s new multiple range test

since it helps in photosynthesis by producing chlorophyll and
other metabolites in the microalgae [4]. As an endothermic
process, carbon fixation requires light energy that enables
microalgae to convert carbon dioxide and water into organic
compounds such as carbohydrate and protein through photo-
synthetic reactions, while oxygen releases as a waste product
[18]. It is well known that the fixation of a molecule of carbon
dioxide in a photosynthetic system requires 8 photons of pho-
tosynthetically active radiation [19]. In the present study, an
increase in light irradiation up to 200 umol photons m s~
enhanced the cell density to the peak of 4.23 x 10* cell mL™"
and longest exponential growth phase of 18 days, showing
that the radiation intensity is a limiting factor for growth of
C. oleofaciens. However, an increase in the culture illumina-
tion to 400 umol photons m > s~ did not significantly corre-
spond to the higher growth rate and longer exponential growth
phase, implying that cells absorb the excess light energy,
while they cannot use it for biomass production through the

photosynthesis. When light intensity finally reached the max-
imum of 800 pumol photons m 2 sfl, a drastic decrease in the
microalga cell density was observed. These findings obvious-
ly show that suitable photon flux density is required for
growth maximization of C. oleofaciens, whereas the strong
irradiation over the saturation limit declines its growth perfor-
mance. High illumination intensities could induce
photoinhibition by damaging the photosynthetic receptor sys-
tem within a few minutes that inhibits the growth of
microalgae due to photooxidation of light pigments such as
chlorophyll and carotenoids [7].

A general trend towards increasing specific growth rate
with enhancing light illumination up to the saturation point
has been reported in different microalgae [6]. Ho et al. [20]
stated that light intensity promotes cell growth, biomass pro-
ductivity, and carbon dioxide fixation in Scenedesmus
obliguus with the highest value around 1.65-1.8 day ' in the
light saturation region (180—540 umol photons m 2 s '),

Table 3 Predicted biodiesel

propetties of Chlorococcum Liigzht il?tensity (umol photons  CN v » SV » DU LCSF CFPP

oleofaciens KF584224.1 cultured ~ M 8 ) (ghL100g) @mMgKOHg ) W%  (°O) °O

under different light intensities

after reaching the stationary phase 50 5547 7556 208.52 73.23 12.00 21.23
100 63.59  39.11 209.18 61.73 15.80 33.16
200 65.94  28.68 209.19 44.7 20.05 46.50
400 68.60 16.30 210.18 26.25 24.58 60.75
800 69.88 9.96 211.40 16.17 2536 63.18
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while excessive illumination decreased the specific growth
rate and biomass production. Wahidin et al. [21] described
the maximum specific growth rate of 0.3999 day ' with a
division rate of 0.489 day ' for Nannochloropsis sp. at light
intensity of 100 umol photons m 2 s ' and photoperiod
18 h:06 h light:dark cycle. The maximum specific growth rate
of 1.747+0.03 day ' was also reported for Neochloris
oleoabundans UTEX1185 at 200 pmol photons m 2 s " irra-
diance and 25 °C [22]. Similarly, cells cultured under
200 pumol photons m 2 s ' irradiation in the present study
had the highest specific growth rate, although no significant
difference was recorded between them and those cultured un-
der 200 and 400 pmol photons m 2 s~' light density. These
findings confirmed that light irradiation is an important factor
enhancing growth of. C. oleofaciens with advisable density of
200 pmol photons m s~ if the biomass production has more
priority for industrial application.

Biomass productivity is a function of cellular light absorp-
tion by photosynthetic microalgae that gives an overview
about bioconversion efficiency of solar energy into fuels
[23]. From the biological perspective, light intensity promotes
the cell growth, CO, fixation, carbohydrate synthesis, and
biochemical composition of algae by providing all energy
required to support the metabolism and growth [6]. The higher
the biomass productivity, the higher the photosynthetic effi-
ciency and biomass yield will be. In the present study, cell
cultured under 200 pmol photons m 2 s~ ' showed the highest
biomass productivity of 367.82+21.63 mg L' day ', which
was lower than those reported for other microalgal species
with suitable potential for biodiesel production such as
Chlorella vulgaris (240 mg L' day™'; [24]), but was higher
than those reported for Scenedesmus abundans
(70.23 mg L' day™'; [25]), Amphora subtropica
(130 mg L' day '; [26]), and Nannochloropsis oceanica
(75.56 mg L' day™'; [27]). However, further increase in me-
dium light intensity to 800 pmol photons m 2 s ' resulted in
the lowest biomass concentration of C. oleofaciens,
confirming the inhibitory effects of excess illumination on
microalgae photosynthesis [28]. The photosynthetic light re-
actions commonly take place within the thylakoid membrane
in the presence of oxygen molecule [29]. When the light in-
tensity is exceeded from the photosynthetic harvesting capac-
ity, the triplet excited state chlorophyll (*Chl") that generate
very reactive singlet oxygen ('0,) within the PSII complex
can easily oxidize and degrade pigments, proteins, and lipids,
leading to the lower biomass productivity of algae [30].

The lipid accumulation improvement could be accom-
plished by the perception of internal metabolic pathways that
control the lipid biosynthesis. The photoautotroph microalgae
convert carbon dioxide to sugar in the presence of photon
energy [31]. The chloroplast generates the 3-
phosphoglycerate which is further processed to pyruvate after
Calvin cycle [32]. In the presence of pyruvate dehydrogenase,

the pyruvate can be further metabolized by aerobic pathways
to acetyl coenzyme A (Acetyl-CoA) that, in turn, regulates the
first committed step in triacylglyceride biosynthesis [33]. The
fatty acids could be finally biosynthesized through multifunc-
tional enzyme complex that catalyzes a series of carbon chain
lengthening and desaturation reactions to form mainly C16
and C18 fatty acids [2]. In the current study, lipid content of
C. oleofaciens accumulated by increasing the light intensity in
the culture broth and reached the peak of 59.18 +1.62% in
medium illuminated with 400 pmol photons m 2 s~ ', indicat-
ing that more carbon flux produced through the photosynthe-
sis is channeled to the lipid accumulation. On exposure to
large amount of light energy, microalgae direct the excess
energy towards the metabolic pathway of neutral lipids like
triacylglycerol, the main constituents of neutral lipids which
serve as a sink of excessive energy absorbed by photosynthet-
ic apparatus [34]. Lower lipid accumulation under 800 pmol
photons m 2 s! irradiation may be associated with an in-
creased production of free radicals, which in turn destroy the
biosynthetic pathways of lipid synthesis [35].

The production cost of biofuel from microalgae is as high
as fossil fuel-derived diesel [36]. To enhance the economic
feasibility of biodiesel production from microalgae, it would
be ideal to obtain the highest biomass productivity along with
the maximum lipid cell content [37]. The biomass productiv-
ity represents the daily net increase in dry matter per unit of
light intercepted. However, it cannot singly provide a reliable
index of the proper condition for biodiesel production from
microalgae as the faster growth may not lead to more oil
production [38]. The lipid content, by contrast, expresses the
amount of fat produced by each microalgal cell regardless of
its growth characteristics [39]. Lipid productivity is another
fundamental variable calculated as the product of lipid content
and biomass productivity; hence, it creates a rational correla-
tion between oil produced on the basis of volume and time
[37]. In the present study, the highest biomass productivity of
367.82+21.63 mg L' day ' was obtained under 200 pmol
photons m 2 s~' light density, while it did not significantly
differ with that under 400 pmol photons m 2 s~ light density
(p>0.05). The highest lipid content was also produced in
culture illuminated with 400 pmol photons m 2 s~ '. On the
other hand, the maximum lipid productivity of 198.32 +
461 mg L' day™' was attained in culture illuminated with
400 pmol photons m > s '. In agreement with previous re-
searches [40], these findings indicate that lipid productivity
could be a more reliable indicator for identifying the proper
conditions of biodiesel production from C. oleofaciens com-
pared to lipid content or biomass productivity, although
assessing the impact of other growth conditions could provide
more comprehensive judgment.

The composition and structure of fatty acids influence the
overall quality and properties of biodiesel produced from
microalgae feedstock to establish its suitability for usage as
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fuel [41]. In the present study, the FAMEs obtained from C.
oleofaciens mainly contained the fatty acids with 16 to 18
carbon chain length (more than 80%), which are most favor-
able for industrial biodiesel production. It has been also re-
ported that light intensity affects the properties of microalgal-
derived biodiesel by altering the percentage of SFAs, MUFAs,
and PUFAs, which their proportion commonly counterbalance
each other [42]. A shift in light intensity of the culture condi-
tion from 50 to 400 pmol photons m > s~ ' in the present study
caused a significant enhancement in total amount of SFAs
obtained from C. oleofaciens, while the amount of MUFAs
and PUFAs significantly declined (p <0.05). Similar results
were also found in Chlorella vulgaris where the content of
PUFAs was reduced by exposing to higher light intensity,
whereas the content of SFAs enhanced [43]. Increases in sat-
urated and monounsaturated fatty acids were also obtained in
Neochloris oleoabundans with an increase in light intensity
[10]. Finally, Kumar et al. [44] demonstrated the effect of high
light intensity on higher SFA concentrations in microalgal
consortia collected from natural ecological water bodies. It is
proven that low light intensity induces the formation of more
polar lipids due to an increase in chloroplast membrane
synthesis, while a stepwise increase in light intensity tends
to produce more neutral lipids (mainly triacylglycerol) as a
protective mechanism for the cell [45]. Under normal
growth conditions, ATP and NADPH generated by
photosynthesis are consumed to drive the chemical reactions
necessary for (carbon fixation) generating sugars and other
carbon-containing compounds like proteins and fats, with
ADP and NADP+ eventually being available again as electron
acceptor molecules. Under high light intensities, the
microalgal cells will change the metabolic pathways to SFA
synthesis which has been found to require large amounts of
photosynthetic-produced ATP and NADPH derived from the
excess of electron transport chain [46]. The increased fatty
acid production, in turn, could help the cells to replenish the
electron acceptor pool for photosynthesis and prevent them
from photochemical destruction [47].

The main objective to analyze the FAME composition of
extracted lipid from microalgae is to evaluate its suitability for
direct usage as fuel in diesel engines. This is done by assessing
the essential fuel attributes such as CN, IV, DU, LCSF, and
CFPP that are calculated in the present study. The CN is of the
prime dimensionless measure of biodiesel attributed to ignition
delay time and combustion quality which is highly influenced by
the saturation level of the fatty acids [48]. An increase in the CN
means a shorter ignition delay, better engine combustion, higher
oxidative stability, lower nitrogen oxide release, and reduced
pollutant emission [49]. The estimated CN for biodiesel obtained
from C. oleofaciens in the present study varied from 55.47 to
68.60 under different light intensities which comply with the
minimum value of 47 and 51 as prescribed by the US (ASTM
D6751) and European standards (EN 14214), respectively.
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The IV is another chemical property of biodiesel quality
related to the position of double bonds in the carbon chains
of the alkyl esters which refer to the tendency of biodiesel to
react with oxygen at near ambient temperature [41].
Determination of the IV provides a useful estimate of the
biofuel oxidation to prevent the engine problems like glycer-
ides polymerization and lubricant formation on engine noz-
zles, piston rings, and piston rig grooves [50]. The European
biodiesel standard EN14214 establishes a maximum limit of
120 g I, 100 g ' biodiesel, whereas only its measurement and
registration are requested in the USA. In the present study, the
IV obtained from C. oleofaciens exposed to different illumi-
nation was in the range of 16.30-75.56 g I, 100 g ' that
conformed to the EN 14214 standard specifications.

Biodiesel quality is also affected by the DU, an imperative
attribute that influences the oxidative stability of biodiesel
which is expressed as the sum of the monounsaturated and
polyunsaturated acid masses [3]. A large degree of
unsaturation leads to polymerization of biodiesel upon reac-
tion with atmospheric air that negatively impacts on storage
stability [S1]. The DU from C. oleofaciens in the present study
decreased from 73.23% in cells under 50 pmol photons
m 2 s ! light density to the maximum of 26.25% in cells
grown under 400 pumol photons m > s~', which means the
biodiesel derived from C. oleofaciens cultured under higher
light intensity was more feasible to longer storage that is crit-
ical for fuel application. A lower IV was also obtained at lower
DU, which shows a positive correlation between IV and DU.

The SV is an important index of biodiesel analysis that
represents the milligram KOH required to completely sapon-
ify 1 g of fat sample. Since all fatty acids react with one
molecule of KOH, the SV indirectly gives a measure for eval-
uating the molecular mass of fatty acids [52]. The longer the
fatty acid chain, the shorter number of carboxylic functional
groups per unit mass and lower SV as well. Although the SV is
not a restricted property in the EN14214 and ASTM D6751
standards, the SV of C. oleofaciens under different light inten-
sity varied within a narrow range of 208.52 to
210.18 mg KOH g ', which were around those stated for the
other exceptional microalgal candidates for high-quality bio-
diesel production, such as Calothrix brevissima
(226.03 mg KOH g ') [53], Chlorella sp.
(217.08 mg KOH g ") [3], and Scenedesmus abundans
(205.08 mg KOH g ') [25].

The poor cold flow properties of biodiesel fuel have been a
technical reason impairing its more widespread usage [54].
The CFPP is a prime indicator for low-temperature applica-
tions of a fuel that is defined as the lowest temperature at
which a given volume of pure fuel passes through a standard-
ized filter within a given time [55]. This parameter is mostly
dependent on the long chain saturated ester content as well as
the chain length of the saturated esters, while the effect of
unsaturated ester composition could be ignored [54].
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Therefore, CFPP and LCSF are related to each other; fatty
acids with longer chain length and those with higher content
of saturation have higher melting point and better high-
temperature properties [37]. According to EN 14214, each
country could specify certain temperature limits for each sea-
son depending on climate conditions. Due to the presence of
long chain SFA, especially palmitic acid (C16:0), the biodiesel
from C. oleofaciens cultured under higher light intensity in the
present study illustrated higher CFPP and LCSF compared to
those culture under lower light intensity, making it less appro-
priate for utilization in colder regions. However, it is within
the value expressed for Scenedesmus abundans [25], Nostoc
carneum [53], and Chlamydomonas sp. [41].

Conclusion

Findings of the present study demonstrated that light intensity
improves the growth performance and lipid accumulation of
C. oleofaciens. When algae were grown under 400 pmol pho-
tons m 2 s |, the highest lipid content (59.18 +1.62%) and
lipid productivity (198.32+4.61 mg L' day ') were ob-
served at the end of log phase, while no significant difference
was found in specific growth rate and biomass productivity
between 200 pmol photons m 2 s ' and 400 pmol photons
m 2 s " illumination. The fatty acid profile contained 82.30 +

3.49% SF A with higher predominance of palmitic acid, stearic
acid, and myristic acid under 400 umol photons m s~ ' light
intensity. The properties of biodiesel obtained from C.
oleofaciens cultured under 50 pmol photons m > s~ met the
specifications provided by the international biodiesel stan-
dards (European EN 14214 and US ASTM D6751), although
higher illumination up to 400 umol photons m > s ' enhanced
the lipid characteristics produced from C. oleofaciens
KF584224.1 for biofuel production. However, it is necessary
to confirm the laboratory scale findings in large-scale cultiva-
tion using indigenously made photobioreactors.
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