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The objective of this work was to analyze the growth of Scenedesmus acutus, Nannochloropsis oculata
and Chlorella vulgaris at different temperatures (25, 30 and 38°C) in order to identify changes in lipid
content, accumulation of neutral lipids and fatty acids profile. According to the results obtained, the
temperature of 30°C does not affect the growth of the microalgae S. acutus, N. oculata and C. vulgaris;
however, there is a greater amount of total lipids in S. acutus at 38°C, while for N. oculata and C.
vulgaris, temperature variation does not affect the accumulation of total lipids. From the data obtained
from the fatty acid profile, we observed a greater accumulation of palmitic acid followed by oleic acid.
According to the cetane number, any temperature condition of any evaluated microalgae culture can be
used for biodiesel production. The results suggest that a change in temperature during the growth of
microalgae could be applied to enhance lipid production and to obtain fatty acids suitable for biodiesel

production.
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INTRODUCTION

Humanity confronts two problems in the energy area: The
decrease in oil reserves and pollution caused by the
burning of fossil fuels. Due to this, viable energy
alternatives have been pursued to replace the use of all,
which must be renewable, sustainable, and come from
environmentally friendly sources (Banerjee et al., 2018;
Zhang et al.,, 2022). It has been estimated that the
production of biodiesel is the only technology capable of
substituting the consumption of fuels derived from
petroleum (Chisti and Yan, 2011). In addition, it offers
several environmental advantages such as the reduction

of greenhouse gas emissions up to 70 to 90% compared
to conventional diesel (Ajikumar et al.,, 2008; Timilsina
and Mevel, 2013).

Biodiesel is a liquid biofuel composed of alkyl esters of
short-chain alcohols, such as ethanol and methanol, with
long-chain fatty acids obtained from renewable biomass,
like vegetable oils, animal fats and microalgae oils
(Robles-Medina et al.,, 2009). Among the main
advantages of biodiesel is that during its combustion it
produces fewer harmful emissions of sulfides, aromatic
hydrocarbons and soot particles (Balat and Balat, 2010),
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it also has lubricating properties that reduce engine wear,
and it is a safe product for transport and handling due to
its high flash point (150°C) and low volatility (Demirbas,
2009).

Microalgae-based biofuels can be used as a substitute
for petroleum fuels. The biofuels derived microalgae can
be processed by using thermochemical and biochemical
conversion. After the oil extraction from algal cells, the
lipids can be converted by a chemically transesterified
into biodiesel. Other microalgae biofuels such as
bioethanol and biomethane can be produced by
fermentation of the biomass under anaerobic conditions.
Microalgae also have potential in the production of
gaseous biofuel such as biohydrogen (Zhang et al., 2022;
Banerjee et al., 2018).

The use of microalgae for biodiesel production is an
advantageous alternative due to their lipid content, ability
to assimilate CO, as a carbon source and their rapid
biomass generation compared to plants (Sharma et al.,
2012). Lipids in microalgae are composed of polar and
neutral lipids. Neutral lipids are composed of
triacylglycerides (TAGs), which, once extracted, can be
easily converted into biodiesel through transesterification
reactions (Sharma et al., 2012; Sato et al., 2014). Lipid
production and accumulation in microalgae depends
mainly on the species and its genetic constitution, but it is
also affected by various physical and chemical conditions
of the culture, such as: Growth phase, nutrient availability,
salinity, periods of light, intensity, temperature, and pH.
Under these abiotic stresses, the microalgae constantly
adjust their cellular mechanisms to cope with them. The
accumulation of stress metabolites, such as lipids, is
directly related to the changes occurring in their
metabolic pathways; under these conditions, the yields
are higher because microalgae accumulate more neutral
lipids as a mechanism to protect cells against oxidative
damage (Paliwal et al., 2017; Poh et al., 2020).

It has been established that an increase in temperature
has a positive effect on photosynthesis, cell division, lipid
production, and fatty acids formation. High temperature
promotes the uptake and fixation of CO, by microalgae;
however, extremely high temperature inhibits the
respiratory metabolism of microalgae (Tripathi et al.,
2002; Barten et al., 2021). Due to heat stress, highly
thermal sensitive enzymes which control the synthesis
and accumulation of lipids may be affected; in addition,
proteins involved in photosynthetic processes may be
modified (Converti et al., 2009; Xin et al., 2011; Ras et
al., 2013).

To the researchers’ knowledge, there have been no
studies reported about the comparison of these 3 species
of microalgae (S. acutus, N. oculata and C. vulgaris) at
the temperatures of 25, 30 and 38°C and it effects in the
cell growth, total and neutral lipid production, including
the prediction of cetane number based on its fatty acid
composition. Therefore, in the present study, the
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association between the growth of 3 species of
microalgae at different temperatures and the
accumulation of lipids and its effect on the fatty acid
profile was probed. The cetane number prediction was
also assessed.

MATERIALS AND METHODS
Microorganisms, culture media and aeration system

The microalgae Scenedesmus acutus UTEX 72, Nannochloropsis
oculata CCAP 849/7 and Chlorella vulgaris OW-01 were obtained
from the Autonomous University of Aguascalientes. The
identification of these strains was performed via 18S rRNA gene
amplification followed by sequencing. Cells were maintained in Bold
Basal Medium (BBM) agar plates at 25°C under a photoperiod of
16/8 h light-dark. A single colony was picked-up to the sterilized test
tube containing 5 mL of growth medium, the scaling up was made
in BBM on a rotary shaker at 120 rpm and used as pre-inoculum for
each microalga specie. Carbon supply, in the form of CO,, was
provided by an aeration system (air diffusion) that was designed
based on transparent 2 mm radius flexible PVC hoses connected to
an air pump of 2.2 L.min™%. The air flow in the nine experiments was
controlled by flow regulating valves of 174 in.

Strains growth at different temperatures and growth kinetics

The pre-inoculum was maintained at a temperature of 25°C with
continuous stirring and photoperiods of 16 h light / 8 h dark until an
optical density (OD) of 0.2 was reached at a wavelength of 750 nm.
The readings were recorded using the GloMax®-Multi Microplate
Reader spectrometer (Promega Corporation, Madison, WI, USA).

Once the desired OD was reached, nine 1000 mL flasks
containing 500 mL each of BBM were inoculated. The cultures (by
triplicate) were maintained with photoperiod and aeration, the latter
to supply CO, as a carbon source and maintain the system
homogeneous. Cultures were grown at three different
temperatures: 25, 30 and 38 °C. Every 24 h, 2 samples of 1 mL
were taken until the cultures reached stationary phase, which were
used for neutral lipid analysis, optical density recording to monitor
growth and to perform cell counting. Upon reaching stationary
phase, the biomasses were recovered by centrifugation at 2,000 x g
for 20 min and stored at -20°C for use in lipid quantification. Each
experiment consisted of triplicate flasks.

Cell counting in Neubauer chamber
A 0.1 mm deep hematocytometer with Neubauer's ruler was used
for cell counting as described by Galarza et al. (2019).

Quantitative identification of total and neutral lipids

The final samples obtained at the end of the kinetics were
processed based on previously described protocols (Folch et al.,
1957; Bligh and Dyer, 1959) to quantify total lipids. For the analysis
of neutral lipid content, the samples obtained during the growth
kinetics were analyzed by triplicate as described before (Bertozzini
etal., 2011).

Identification of the fatty acid profile

The free fatty acid profile was carried out using a methodology
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Figure 1. Growth kinetics in natural logarithm of number of cells per milliliter for N. oculata, S. acutus and C.
vulgaris strains incubated at (a) 25°C, (b) 30°C and (c) 38°C. Points not sharing a letter are statistically different
(ANOVA p<0.05, Fisher's test). Points containing no letter indicate that their difference is not statistically significant

among the three strains.
Source: Authors

described by Flores Ruedas et al. (2020) using an Agilent 7890 gas
chromatograph (Agilent Technologies, Sta. Clara Cal., USA), which
is equipped with a flame ionization detector (GC-FID). The analysis
was made in duplicate and the mean and standard deviation were
reported. An analysis of variance (ANOVA, p < 0.05), using Fisher's
test, was made to detect differences between the fatty acids
obtained by the different strains.

Cetane number prediction

The cetane number (CN) was evaluate with the model as described
by Piloto-Rodriguez et al. (2013) using the fatty acid profiles
described previously.

RESULTS AND DISCUSSION
Strains growth kinetics and the specific growth rate

To determine the effect of temperature on the growth of
the microalgae S. acutus, N. oculata and C. vulgaris

growth kinetics were obtained. As can be seen in Figure
la and b, the microalga N. oculata exhibited apparently
higher growth at 2 temperature conditions (25 and 30°C),
followed by C. vulgaris and S. acutus, while for the third
condition (38°C) the microalga C. vulgaris showed the
highest growth (Figure 1c).

The specific growth rate p [d?] was calculated and a
comparison was made between the three strains.
According to Table 1, there is no significant difference
between the three microalgae subjected to the three
temperature conditions, and when the comparison was
made by species at different temperatures, the same
result was found, indicating that this temperature range
does not affect the growth of these microalgae.

Staehr and Birkeland (2006) reported for S. acutus at
25°C a value of u=0.57 d, this difference may be due to
the growth conditions used by these authors, who
included the use of a modified O, medium in a final
volume of 2 L, and an evaluation period of growth of 14
days. The photoperiod evaluated by them was the same
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Table 1. Specific growth rate p [d™'] for the 3 strains subjected at different temperatures.

Temperature [°C] S. acutus, 4 [d‘l]

N. oculata, p [d™] C. vulgaris, p[d™]

25 0.11+ 0.02%
30 0.12+0.06°
38 0.07+0.06°

0.14+0.03% 0.12+0.03°
0.14 +0.08% 0.14+0.06°
0.13 +0.05% 0.14+0.06%

The means that do not share a letter in the same row are statistically different (ANOVA p<0.05, Fisher's test, n=3).

Source: Authors

Table 2. Percentage of total lipids [g lipids/ g biomass] in the 3 strains evaluated at different temperatures.

Temperature

°C) S. acutus N. oculata C. vulgaris

25 2.52% + 1.58° 7.46%z 7.24° 5.44% + 3.58°
30 16.89% + 7.37%° 4.50% + 2.05% 11.21% + 5.37%
38 21.72% + 14.41° 15.68% + 14.57° 4.10% *+ 1.92°

The means that do not share a letter in the same column are statistically different (ANOVA p<0.05, Fisher's test, n=3).

Source: Authors

as the used in this work (16 h of light and 8 h of
darkness). Wei et al. (2015) reported for N. oculata at 25,
30 and 35°C, similar values of p; the conditions under
which they obtained these values included the use of 60
L photobioreactors with f/2 medium for a growth period of
10 days, after which they make the total lipids extraction.
In the same way, Converti et al. (2009) reported for C.
vulgaris at 25 and 30°C similar values of p as the ones
found in this work, while for N. oculata at 25°C the value
of u=0.07 was two times lower than that reported by us.
The growth conditions reported involved the use of BBM
for the culture of C. vulgaris and f/2 medium for N.
oculata during a 14-day culture period, followed by
ultrasonication and Folch's method for lipid extraction.

Extraction of total lipids

According to Table 2, S. acutus accumulates the highest
amount of lipids (21.72%) at the temperature of 38°C. At
the same temperature, N. oculata accumulate 15.68%,
although statistically there is no significant difference
(p<0.05) with respect to the other two temperature
conditions. On the other hand, C. vulgaris at 30°C
accumulates 11.21% of lipid, however, there is no
significant difference statistically with the data obtained at
the other two temperatures.

El-sheekh et al. (2017) reported for S. acutus, at
temperature of 25°C, a percentage of total lipids 3.82
times higher than that reported in this work and at 30°C
only 1.78 times lower. Different factors affect the lipid
accumulation, one of the main is the culture media, and

other variable is the duration of the photoperiod. EIl-
sheekh et al. (2017) conducted their experiments for 14 h
light and 10 h dark, this change can cause a greater
accumulation of lipids at 25°C since it increases the time
in which the microalgae are photosynthetically active.
Likewise, there are differences in the lipid extraction
procedure which can cause differences in the content of
total lipids of the microalgae. Their experiments also
included the use of KC culture medium for 22 days.

Converti et al. (2009) described for N. oculata a
percentage of total lipids of 13.89% at 25°C which is 1.86
times higher than that reported in this work; at the same
temperature, for C. vulgaris, they reported a 14.71% of
total lipids while at 30°C it was only 5.9%, which is 1.90
times lower than that reported by us. They also quantified
the lipids at 38°C, obtaining a 11.3% which is 2.76 times
higher in relation to this work

Neutral lipids content

The neutral lipids present in the microalgae cultures were
guantified by a fluorometric method described as
described before (Bertozzini et al., 2011) and the results
are presented in Table 3. With the data obtained, we
identified the day in which the highest content of neutral
lipids was accumulated. At 25°C, among the three
microalgae, S. acutus presents the highest accumulation
of neutral lipids on day 19 (3.02 pg/mL), however, it does
not show significant difference with respect to the lipids
accumulated on days 23 and 21. At 30°C, S. acutus was
the strain that accumulated the most neutral lipids, with
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Table 3. Neutral lipid content in the 3 strains evaluated at different temperatures.

25°C 30°C 38°C
Day S. acutus N. oculata C. vulgaris S. acutus N. oculata C. vulgaris S. acutus N. oculata C. vulgaris
(Hg/mL) (Hg/mL) (Hg/mL) (Hg/mL) (Mg/mL) (Hg/mL) (Hg/mL) (Mg/mL) (Hg/mL)

0 2.28"'+0.07 2.34°+0.10 2.53+0.10 226'+0.04  237%°+007 247°':+014 227°+005 2.219:+005 2.23°+0.04
1 2.29"+0.08 2.55°% 1+ 0.15 2.33"+0.01 2.34%+0.06 2.20+0.07 268" +0.10 2.31%*°+0.06 2.19°+0.03  2.22"°+0.05
3 2.41%+0.11 2.34% + 0.06 244" +012 233°+005 2.28°"+0.06 2.28%+0.11 2.40% £ 0.04 2.20" +0.04 2.16° £ 0.09
5 2.45° + 0.06 2.36"% +0.06 2.37°9+0.09 2.51°+0.06 2.16% + 0.05 2.28%+0.07 2.24°+0.23 2.219+0.05 2.15% +0.05
7 2.57°° +0.02 2.45°9 +0.08 2.36%+0.10 259+0.13 220°9+0.05 252°°"+004  2.22°+0.07 2.189 £ 0.03 2.17°+0.08
9 2.52%+0.03 2.43°9+0.08 266°+0.12  2.63°+0.09 2.43*+0.07 2.41"+0.04 2.37%° +0.07 2.44% £ 0.09 2.22° +0.04
11 2.73" £ 0.27 2.52°® +0.08 2.62% +0.08 233%+0.10 2.25%9+005 242°°+008 229%°+0.05 2.19°+0.04  2.28%°+0.05
13 2.63"9+0.18 243 +009 246°°+006 229°+006 2.32°°+0.15 2.41"+0.02 2.27°°+0.09 2.36°+0.05  2.31%°+0.08
15 267°+0.11 247*9+0.06 253*+0.09 240°+020 2.33*°+015 255°+005 2.31*°+0.06 223+0.04 2.38°+0.11
17 2.69°° + 0.03 2.43%9 +0.07 254 +0.16  271°+013 2299+ 003 254“+003 2.34°+008 2.33°+0.02 2.32*+0.09
19 3.02°+0.17 2.65°+0.17 247°°+0.15 2.40%+0.11 2.31°°+004 258 +0.07 2.25°+0.08 2.26+0.03  2.39°+0.12
21 2.94%+0.11 2.60°° +0.15 NR 2.84°+013  2.34"+0.07 2.73*+0.18 2.25°+0.14 2.30"°+0.07 2.33%*+0.03
23 2.98°+0.08  2.51°*"+0.10 NR 2.32°+0.03  2.30°*"+0.11 2.76° £ 0.10 NR 2.29°°+0.03  2.36°+0.04
25 NR 2.68" £0.19 NR NR 233" +0.12 253 +0.04 NR NR 2.40% £ 0.15
27 NR 3.02% £ 0.09 NR NR 237"°+011  2.58"+0.04 NR NR NR
29 NR NR NR NR 2.46° + 0.07 2.45%"+0.11 NR NR NR

Not Recorded (NR). The means that do not share a letter in the same column are statistically different (ANOVA p<0.05, Fisher's test. n=3).

Source: Authors

2.84 pg/mL on day 21, being the highest amount
recorded among the three microalgae. For a
temperature of 38°C, N. oculata reached a
concentration of 2.44 ug/mL on day nine, which
was the highest among the three microalgae
studied.

Fatty acid profiles
Fatty acid profiles were made to identify the fatty

acids (FA) produced under each temperature
condition for each microalga strain. It has been

reported that the FA composition affects the
guantity and quality of the synthesized biodiesel
since the longer and more saturated the fatty acid
carbon chains are, the higher the number of
cetanes (CN), which is related to the ignition delay
time and combustion quality (Piloto-Rodriguez et
al., 2013). The FA were classified into four
categories: saturated fatty acids (SFA), mono-
unsaturated fatty acids (MUFA), polyunsaturated
fatty acids (PUFA) and Others (which included the
fatty acids that weren’t identified) (Figure 2).

SFA are the most abundant in the 3 microalgae
evaluated at different temperatures, followed by

MUFA and finally PUFA. Figure 3a shows that
C16:0, C18:0 and C18:1 are the fatty acids that
accumulate in greater amount in the 3 strains of
microalgae incubated at 25°C; in particular, for N.
oculata, the fatty acid with the highest percentage
was C18:1, followed by C18:0 and C16:1. On the
other hand, for C. wvulgaris the following
distribution was found: C16:0, C18:0 and C14.0,
this indicates a different fatty acid distribution
depending on the microalgae strain even when
grown at the same temperature.

At 30°C, is observed that C16:0 is still the
highest percentage found, followed by C18:0, and



b 100
( ) a 30 °C
b i = S acutus
80 b =—= N. oculata
R — C.vulgaris
K 60 |
>
=
S 40 |
=
20 + a b a
aa c
0

Castro-Tapia et al. 469

SFA  MUFA PUFA Other

(@) 100 R 25°C
I = S. acutus
30 | == N. oculata
3 — C. vulgaris
'S
S 60 |
2
S 40 | b
X
20
0 ,
SFA MUFA PUFA Other
()
80 a
. b
g= L
& 60 A
P
S 40
X
20
0

38 °C
= S acutus
== N. oculata
—— C. vulgaris

SFA  MUFA PUFA Other
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is observed that C16:1 begins to accumulate (Figure 3b),
a decrease in the percentage of C18:1, C18:2 and C18:3
was also observed. Figure 3c shows, at 38°C, a decrease
in C16:0 and C18:1 for N. oculata and C. vulgaris with
respect to the temperature of 25°C. At this temperature,
the main FAs present in a greater proportion in the 3
microalgae are C16:0, C18:0 and C16:1.

El-sheekh et al. (2017) reported for S. acutus much
lower levels of SFA compared to those obtained in this
work at temperatures of 25, 30 and 38°C. A similar study
was carried out with N. oculata (Wei et al., 2015), in
which the authors reported higher values of SFA
compared to those obtained in this study at 25, 30 and
35°C.

For C. vulgaris at 25°C, Converti et al. (2009) reported
SFA values of 71.00 %, which is 1.15 times lower as
reported in this work, but their values of MUFA and PUFA
were higher. Similar behavior was observed for SFA at
38°C.

Cetane number

Cetane number, which indicates ignition delay
characteristics, is considered the most significant fuel
property of biodiesel (Lin and Wu, 2022). Using the
model for the prediction of the cetane number (CN) and
the fatty acid percentage data obtained from the fatty acid
profile (Figure 3), the CN corresponding to each of the
nine experiments was obtained. The results are reported
in Table 4, where the data obtained were compared with
the CN required by the ASTM D6751 standard of the
United States of America and the EN 14214 of Europe,
giving as a result that the three different temperatures
evaluated in S. acutus, N. oculata and C. vulgaris are in
premise candidates for obtain biodiesel because their CN
is major that the minimum required in both international
standards. Accordingly, it is proposed that efforts should
be focused on evaluating the feasibility of using C.
vulgaris at 30°C, S. acutus at 25°C, 30°C or 38°C, and C.
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Table 4. Cetane number of the microalgae S. acutus, N. oculata and C. vulgaris evaluated at

different temperatures.

Experimental temperature (°C)

Microalgae

25 30 38
S. acutus 68.84% + 3.91 67.90% + 2.04 67.72%° £ 0.74
N. oculata 57.02° + 0.90 65.26™ + 1.57 61.15% + 1.05
C. vulgaris 67.83% + 4.66 70.72% + 1.51 61.90° + 1.28

Different letters in column show significant differences (ANOVA p<0.05, Fisher's test).

Source: Authors

vulgaris at 25°C as possible platforms for biodiesel
production.

Conclusion

This study compares the effect of different temperatures

(25, 30 and 38°C) on the growth, lipid accumulation and
fatty acid profile in 3 species of microalgae. The data
obtained for the specific rates indicate that the growth of
microalgae is not affected by the temperatures of 30 and
38°C. S. acutus accumulates a higher amount of total
lipids at 38°C. N. oculata and C. vulgaris show no
significant differences in total lipid accumulation at the



different temperatures analyzed in this study. Of the total
lipids extracted, there is a greater accumulation of
palmitic acid (C16:0) followed by oleic acid (C18:1) for
the 3 microalgae, which are be suitable for biodiesel
production. These results suggest that a change in
temperature during the growth of microalgae could be
applied to enhance lipid production and to obtain fatty
acids suitable for biodiesel production.
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