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Numerous recent studies have identified microalgae biofuel as one of the major renewable
energy sources for sustainable development due to their high biomass productivity, high
lipid content, and availability of locally adapted strains in various geographical locations.
There have been minimal studies on the fatty acid composition of lipid production on local
microalgae species in Sabah, Malaysia. Thus, screening for local microalgae species
capable of producing biodiesel can aid in the selection of suitable species. This study
aimed to isolate and identify promising local microalga as biodiesel feedstock for mass
cultivation. Eight microalgae species, Acutodesmus obliquus, Chaetoceros muelleri,
Isochrysis galbana, Ankistrodesmus falcatus, Chlamydomonas monadina, Chlorella
emersonii, Nannochloropsis oculata, and Tetraselmis chuii, were successfully isolated
and identified from Kota Kinabalu, Sabah. The isolated microalgae were characterized
based on the lipid/biomass productivity, lipid content and fatty acid profiles. These isolates
had biomass productivity of 0.11–0.78 g/L/day, lipid content of 11.69–39.00% dry weight,
and lipid productivity of 21.11–252.64mg/L/day. According to GC-MS analyses, four
isolates produced more than 80% of C14–C18 fatty acids, which were A. falcatus (95%), C.
emersonii (93%), A. obliquus (91%), and C. muelleri (81%). Despite its low biomass
productivity,C. muelleriwas chosen as the best biodiesel species candidate because of its
moderately high lipid productivity (42.90mg/L/day), highest lipid content (39% dry weight),
high level of MUFAs and C14–C18 FAs (81.47%), with the highest oleic acid proportion
(28.38%), all of which are desirable characteristics for producing high-quality biodiesel.
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INTRODUCTION

Research on lipid production from microalgae such as diatoms as feedstock for biofuels began in
Göttingen (Germany) duringWorldWar II, shortly after other nations (e.g., the United States, Japan,
England, and Israel) expressed interest in growing microalgae, particularly species in the genus
Chlorella, for a variety of applications including food and wastewater treatment (Borowitzka 2013).
There are currently intensive global research efforts to explore and exploit potential microalgae for
various applications ranging from nutraceuticals to alternative energy sources (Khan et al., 2018;
Koyande et al., 2019). Biofuels have gained significant interest as a viable alternative energy source
because, unlike fossil fuels, they are renewable, environmentally friendly, biodegradable, and
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sustainable (Singh et al., 2015; Jeswani et al., 2020). Biofuel is a
fuel derived from biomass using modern techniques such as
thermochemical (e.g., gasification, liquefaction, and pyrolysis)
and biochemical (e.g., anaerobic digestion, alcoholic
fermentation, and transesterification) transformation rather
than the comparatively slow geological processes that result in
the formation of fossil fuels (Ambaye et al., 2021). Microalgae
receive much attention among the numerous potential biofuel
feedstocks, and their benefits are well documented in the
literature (Sharma et al., 2018; Hossain et al., 2020). In
comparison to other biodiesel feedstocks such as rapeseed,
soybean crops, and palm oil, microalgae accumulate higher
lipid productivities and biomass without compromising the
production of foods, fodder, and other crops-derived products,
and they require considerably less land area for cultivation
(Aratboni et al., 2019; Correa et al., 2020).

Based on energy demand, the most promising countries for
microalgal biofuel production are in western South America, the
Caribbean, the Middle East, North and East Africa, and Oceania
(Correa et al., 2021); and species of the genera Chlorella,
Dunaliella, Chlamydomonas, Scenedesmus, Tetraselmis, and
Spirulina are among potential microalgae candidates composed
of a large fraction of lipid, protein, and carbohydrates resulting in
the driving factors of biofuel production (Show et al., 2017;
Hossain et al., 2019). Despite significant advances, algae-based
biodiesel remains expensive and laborious in industrial
applications (Dębowski et al., 2020; Mohsenpour et al., 2021).
These constraints could be solved by selecting resistant and
productive species, optimizing growth conditions, creating
innovative harvesting techniques, converting algal biomass to
biodiesel using less energy-intensive processes and bio-refinery
strategies (Culaba et al., 2020; Patnaik & Mallick 2021). The first
step in producing biodiesel from microalgae is choosing suitable
species with relevant traits and properties for possible large-scale
cultivation adapted to local climatic conditions (Martín et al.,
2020).

The type of lipid and fatty acid composition of the lipid-
producing microalgal species affects biofuel quality (Aratboni
et al., 2019; Morales et al., 2021). Microalgal lipids typically
consist of structural lipids (polar lipids) and storage lipids
(non-polar lipids). Triacylglycerols (TAGs), also known as
neutral lipids, are esters made up of a glycerol molecule and
three fatty acids (FAs), and they are the most common type of
storage lipids (Chen andWang 2021). Triacylglycerols containing
lipids produced from microalgae are considered a potential
alternative resource of biofuels because they are direct
precursors of biodiesel via chemical transesterification (Pal
et al., 2019). TAG production is even enhanced in
unfavourable conditions that limit cell division and redirect
photosynthetic energy to TAG formation (Morales et al.,
2021). The three main types of FAs are saturated fatty acids
(SFAs), monounsaturated fatty acids (MUFAs), and
polyunsaturated fatty acids (PUFAs). They are classified
according to the presence and quantity of double bonds in
their carbon chain: SFA with no double bonds; MUFA with
one double bond; and PUFA with two or more double bonds.
When it comes to low temperature fluidity and oxidative stability,

MUFAs are the finest components for biodiesel (Suastes-Rivas
et al., 2020).

FAs are one of the primary metabolites of microalgae,
enhancing their value as food and fuel (Pal et al., 2019;
Sathasivam et al., 2019). The ability of microalgae to
synthesize lipids, or more precisely, their FA production,
should be a primary consideration when selecting microalgae
as a source of oil for biodiesel (Aratboni et al., 2019). Most
microalgae species contain myristic (C14:0), palmitic (C16:0),
stearic (C18:0), oleic (C18:1), linoleic (C18:2) and linolenic (C18:
3) acids (Shen et al., 2016; Deshmukh et al., 2019). According to
Knothe (2008), most common biodiesel feedstocks consist of
C14–C18 FAs, viz. palmitic acid (C16:0), stearic acid (C18:0), oleic
acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3ω3).
Additionally, in later studies, Knothe added that significantly high
amount of myristic acid (C14:0), palmitic acid (C16:0) and
palmitoleic acid (C16:1) in an algal lipid will help in meeting
the biodiesel standard requirement (Knothe 2011; Knothe 2013;
Knothe and Razon 2017). Oils high in oleic acid (C18:1), in
particular, have been observed to have a good fuel balance,
including ignition quality, combustion heat, cold filter
plugging point, oxidative stability, viscosity, and lubricity
(Pugliese et al., 2020). As a result, the seven types of FAs
stated above, which range from C14 to C18, are referred to as
the desirable FAs in this study and are utilized as the reference
FAs in establishing the suitability of an algal FAs profile for
biodiesel generation.

With the proper biological and technological innovations,
microalgae can provide renewable resources without causing
adverse effects on agricultural land or water supplies. Finding
the best species entails screening a wide range of microalgae and
assessing their productivity. Tropical environments with high
levels of solar radiation and saline water (either from the sea or
groundwater) are ideal for mass microalgal cultivation (Hossain
et al., 2020; Pugazhendhi et al., 2020). Sabah, located on the east
coast of Malaysia, has the ideal climate for commercial
microalgae cultivation. Local algal strains obtained from
natural habitats and collected at various seasons are predicted
to be the most adapted to the unique local conditions, making
them ideal for large-scale cultivation. Considering the diversity of
microalgae in a natural environment, exploitation of local species
is more advantageous to the algal biofuel industry than the non-
local species. Compared to the former, which has already evolved
to be more adapted to cultivation sites, the latter may result in
rapid culture contamination and complication (Guo et al., 2013).
Any environmental impact caused by unintentional release from
large-scale cultivation can also be reduced using local species
(Mohsenpour et al., 2012). Many studies have demonstrated that
local species are robust and competitive due to their ability to
adapt to the local environmental changes, which are critical
attributes for the success of large-scale production (Mutanda
et al., 2020; Sero et al., 2021). Specifically, Chlorella spp. and
Scenedesmus spp. isolated from water bodies in Minnesota
(United States; Zhou et al., 2011), the Northern Territory
(Australia; Duong et al., 2015), Faizabad (Pakistan; Kabir
et al., 2020), and Owode Ede (Nigeria; Azeez et al., 2021) are
among the most promising species that thrive in culture
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conditions similar to where they are found and adapted, offering
an economically viable and environmentally friendly means for
sustainable renewable algal energy production.

Expanding microalgae culture from the laboratory to the
commercial scale will always face challenges related to the
adaptation of operating conditions, including environmental
and climatic conditions (Yahya et al., 2020); thus, in the
search for potential biofuel candidates, the selection of fast-
growing, productive strains adapted to local climatic
conditions is critical to expedite the acclimatization period and
the success of any algal mass culture (Mutanda et al., 2020). To
date, there have been limited studies focusing on identifying and
evaluating native microalgae species appropriate for mass
production in Sabah, a state of Malaysia with a diverse range
of microalgal strains. Microalgae feedstock production
necessitates a high lipid content with the desired FA
composition suitable for biodiesel conversion. The current
study aims to identify the most promising oil-producing
microalgae candidate by screening the available isolates native
to Sabah on lipid and biomass productivities and FA
compositions based on prior knowledge and a hypothesis that
microalgae thrive in culture conditions similar to where they are
found and adapted. The findings will aid in discovering
microalgae species capable of being grown in large-scale
cultures, potentially paving the way for commercialization.

MATERIALS AND METHODS

Chemicals and Reagents
All components of the culture media (Supplementary Files 1, 2)
were purchased from Merck KgaA, Darmstadt, Germany.
Molecular grade reagents were obtained from QIAGEN
Biotechnology Sdn. Bhd. (Kuala Lumpur, Malaysia), including
Taq DNA polymerase, magnesium chloride (MgCl2), and
deoxynucleoside triphosphates (dNTPs). Analytical grade
chemical reagents were obtained from local supplier, including
sodium sulfate (NaSO4), methanol, chloroform. Reagents used
for gas chromatography-mass spectrometry (GC-MS) were
purchased from Thermo Fisher Scientific Inc. (United States),
including sulphuric acid (H2SO4), sodium chloride solution
(NaCl), and hexane. Helium gas used in GC-MS analysis was
purchased from local supplier.

Microalgae Isolation andCulture Conditions
Water samples were collected from different freshwaters and
coastal ecological areas in Kota Kinabalu, Sabah. In this study,
Bold’s Basal Medium (Bischoff and Bold 1963) (Supplementary
File 1) was used to culture freshwater algal species
(NFW1–NFW4), while Walne’s Medium (Walne 1970)
(Supplementary File 2) was used to culture marine species
(SW1–SW4). Microalgae were isolated using the micropipette
washing technique (Tsuchikane et al., 2018). The isolated
microalgae were identified based on the 18S ribosomal RNA
gene using the primer pair, 18SCOMF1 (5′-GCTTGTCTCAAA
GATTAAGCCATGC-3′) and 18SCOMR1 (5′- CACCTACGG
AAACCTTGTTACGAC-3′) (Zhang et al., 2005). The isolated

marine species (SW1–SW4) were identified as Chaetoceros
muelleri (SW1), Isochrysis galbana (SW2), Nannochloropsis
oculata (SW3), and Tetraselmis chuii (SW4), whereas for the
freshwater species were Ankistrodesmus falcatus (NFW1),
Chlorella emersonii (NFW2), Chlamydomonas monadina
(NFW3), and Acutodesmus obliquus (= Scenedesmus obliquus)
(NFW4). All experiments were conducted in triplicates (n = 3) in
1 L flasks containing 500 ml of respective culture medium and
inoculated with 10% actively growing algal isolates. The
experiments were carried out in batch cultures at a
temperature of 23 ± 2°C with a 16:8 light/dark photoperiod
and a light intensity of 68 μmol/m2/s supplied by cool-white,
fluorescent tubes. Table 1 shows the overall details of the
microalgae isolated in this study.

Determination of Growth Characteristics
The estimation of growth characteristics for the isolates was based
on number of cells in the culture per volume (ml) after 30 days of
cultivation. Counting of cells was carried out on the day of
inoculation and every 3 days after the initial inoculation for
30 days using haemocytometer (Sambrook and Russell, 2001).
Motile algal cells were immobilized with one to two drops of 10%
formalin. Approximately 50 μl of algal culture was slowly
dispensed onto both wells of haemacytometer under the cover
slip. Both sides of the haemacytometer were counted using a light
microscope. Cells density per volume (ml) was calculated based
on Eq. 1 and used to plot the growth curve of each isolate.

Density of cells (cells/ml) � average count per square

× dilution factor × 104
(1)

Determination of Biomass Productivity
For determination of biomass productivity, algal cultures were
harvested during early (day 3) and mid (day 18) exponential
phase. For harvesting, approximately 48 ml of each culture was
centrifuged at 3,400 × g for 5 min. The pellet was rinsed twice with
distilled water and freeze-dried before being ground into powder.
The biomass productivity was measured gravimetrically and
determined using Eq. 2 (Nascimento et al., 2012), where the
growth was expressed in dry weight gram per liter per day (g/
L/day).

Biomass productivity (g/L/day) � (X2 − X1)/(t2 − t1) (2)
Where, X1 and X2 were the biomass dry weight concentrations on
day t1 (start point of cultivation) and t2 (end point of cultivation),
respectively, and was given as an average productivity.

Determination of Lipid Content and Lipid
Productivity
For determination of lipid content, the algal cultures were
harvested during the mid-exponential phase (day 18). The
chloroform: methanol (2:1) extraction method was used to
extract and determine the lipid content of the microalgal
cultures (Folch et al., 1957; Ryckebosch et al., 2011). The
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solvent was removed using a vacuum rotary evaporator after
the extraction for about 20 min. The amount of lipid recovered
(% of lipid) was determined gravimetrically using Eq. 3 by
Cordeiro et al., 2017. The lipid productivity (mg/L/day) of each
microalgae species was determined by multiplying the lipid
content value by the biomass productivity value (Nascimento
et al., 2012).

Lipid content (%) � [extracted lipid extract (g) / dry biomass (g)] × 100%

(3)

Determination of Fatty Acid Composition
The FA compositions were analyzed using the method of Yong
et al. (2015). Dried algal biomass (approximately 100 mg) was
diluted in 1 ml hexane before being mixed with 3 ml of 5%
hydrogen chloride methanol. After agitating the mixture for
about 3 h, a drop of water was added to cease the reaction. A
biphasic layer was formed, and the upper methyl ester-
containing layer (hexane) was collected and dried using a
rotary evaporator. After dissolving the transformed FAs in
3 ml of hexane, the transformed FAs were filtered through a
0.2-μm syringe filter. All samples were analyzed using an
Agilent 7890A GC system coupled with an Agilent 5975C
mass spectrometry detector. A capillary column HP-5MS
(30 m × 0.25 mm) of 0.25 µm film thickness of coated
material was used. Injector temperature was set at 250°C,
whereas the temperature programme was as follow: start at
90°C and hold for 3 min; from 90 to 180°C with 3°C/min, hold
for 5 min, from 180 to 290°C with 3°C/min and then hold for
15 min. A post-run of 10 min at 90°C was sufficient for the
next injection. Gas chromatography was performed in a split
mode with ratio of 100:1. Helium gas was used as carrier gas
and maintained at 1.0 ml/min of constant flow rate. The total
run time was calculated to be 25 min per sample.
Identification of compounds was carried out by comparing
with the spectral data obtained from the National Institute of
Standards and Technology (NIST) library, whereas the
compositions were computed with reference to the
abundance of the compounds in chromatogram. The
individual peak area was used to calculate the FA
compositions, and the percentages of each type of FA (SFA,
MUFA, and PUFA) were calculated by adding the total peak
areas of each individual peak.

Data Analyses
The Statistical Package for the Social Sciences (SPSS) software
version 21.0 (Chicago, United States) was used to conduct the
statistical analyses. Analyses of variance (ANOVA) were
performed on all data sets. Significant differences were defined
as those with a p-value of less than 0.05.

RESULTS AND DISCUSSION

The initial and final cell counts, and the growth curves of the
microalgae are shown in Figure 1A and Supplementary File 3,
respectively. All cultures underwent a short lag phase, followed by
an exponential phase from day 3 onwards. The exponential phase
lasted up to day 21/24, except for C. emersonii and N. oculata,
which experienced a more prolonged phase until day 30. When
the algal cultures were harvested on day 18 (mid-exponential
phase), the cell density of the isolates had increased 12 to 73-fold
compared to the initial cell count of the inoculum, with N.
oculata, I. galbana and C. muelleri having the top three
highest growth. The top three candidate species with the
highest biomass productivity were C. emersonii, A. falcatus,
and T. chuii, with 0.78, 0.33, and 0.32 g/L/day, respectively
(Figure 1B). The biomass productivity of the other five
isolates, C. monadina, A. obliquus, I. galbana, C. muelleri, and
N. oculata, was lower, ranging from 0.11 to 0.23 g/L/day. Previous
research on the same genera, Ankistrodesmus, Chlorella,
Chlamydomonas, Scenedesmus, Chaetoceros, Isochrysis,
Nannochloropsis, and Tetraselmis, showed biomass
productivity ranging from 0.13 to 0.56 g/L/day (Table 2).

Many microalgae species can produce significant amounts of
oil, with the average oil content ranging from 1 to 70%, and algae
with 30–75% lipid by dry basis can be referred to as oilgae
(Demirbas, 2011). Nonetheless, certain species can store up to
90% oil of dry lipid (Tabatabaei et al., 2011; Pal et al., 2019). Lipid
accumulation is defined as an increase in the lipid concentrations
within the algal cells without considering the overall biomass
production (Brennan and Owende, 2010; Liu et al., 2011;
Aratboni et al., 2019). Figure 1C depicts the remarkable
ability of microalgae to accumulate lipid in concentrations
ranging from 11 to 39% dry weight (DW). Three isolates had
lipid contents that exceeded 30%, namely C. muelleri (39% DW),
C. emersonii (32% DW), and I. galbana (30% DW). Among the
top biomass producers (Figure 1D), C. emersonii and I. galbana

TABLE 1 | Details of the microalgae isolates and sampling sites.

Isolate Microalgae species Sampling location (GPS
coordinates)

Genbank accession number

NFW1 Ankistrodesmus falcatus Tun Fuad Stephens Park, Sabah (5.94795, 116.10881) KC852902
NFW2 Chlorella emersonii Freshwater fish hatchery, Universiti Malaysia Sabah (6.03916, 116.11284) KC852903
NFW3 Chlamydomonas monadina Tun Fuad Stephens Park, Sabah (5.94795, 116.10881) KC852904
NFW4 Acutodesmus obliquus Freshwater fish hatchery, Universiti Malaysia Sabah (6.03916, 116.11284) KC852905
SW1 Chaetoceros muelleri Kota Kinabalu Wetland Ramsar Site, Sabah (5.98518, 116.08649) KC594685
SW2 Isochrysis galbana Sepanggar Bay, Sabah (6.07265, 116.12429) KC594686
SW3 Nannochloropsis oculata Marine fish hatchery, Universiti Malaysia Sabah (6.03869, 116.11209) KC594687
SW4 Tetraselmis chuii Marine fish hatchery, Universiti Malaysia Sabah (6.03869, 116.11209) KC594688
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are top biomass producers. Chaetoceros muelleri, on the other
hand, despite having the highest lipid content, produced the least
biomass. Previous research has found an inverse relationship
between biomass and lipid productivity in microalgae, as
observed in Isochrysis zhangjiangensis (Feng et al., 2011) and
Chlorella sp. (Cho et al., 2020) when cultured in a nitrogen-rich
environment.

Lower growth rates in microalgae species often compensate for
high lipid content. While certain algae have oil contents of up to
80% but slow growth rates (Khan et al., 2018), the marine algae
Tetraselmis suecica and the freshwater algae Chlorophyta
sorokiniana have rapid growth rates but low lipid content
(Griffiths and Harrison 2009). Increased lipid content does not
always increase lipid productivity; instead, it reduces biomass and
lipid productivity. Thus, lipid productivity should be the
prerequisite factor before examining FA profile in facilitating
species selection for biodiesel production because it is highly
correlated with biomass productivity, confirming its effectiveness
as a biodiesel production indicator. (Vello et al., 2014; Zhao et al.,
2014). The lipid productivities of the isolates in this study ranged
from 25 to 253 mg/L/day, with the top four species having high
lipid productivities being C. emersonii (252 mg/L/day), I. galbana
(87.33 mg/L/day), A. falcatus (56.10 mg/L/day), and C. muelleri
(42.90 mg/L/day). These lipid contents and productivities are
among the highest values reported in the literature for the
microalgae species with biodiesel production potential
(Table 2). However, to give a realistic basis for comparison,
cultivation and production may need to occur under the same
conditions.

Along with high biomass productivity and intrinsic cellular
lipid content, the FA profile of microalgae is critical since it
ultimately determines the quality of the biodiesel product

(Morales et al., 2021). The qualities of biodiesel fuel obtained
from any lipid feedstock can be used to assess the viability of any
lipid feedstock for biodiesel production (Knothe 2005; Griffiths
et al., 2011; Hossain et al., 2020). Fatty acids in the eight isolated
microalgae species (A. falcatus, C. monadina, C. emersonii, A.
obliquus, C. muelleri, I. galbana, N. oculata, and T. chuii) were
primarily esterified, and the main FA composition of each isolate
is shown in Table 3. The FA profiles of the isolates revealed the
presence of myristic (C14:0), pentadecyclic (C15:0), palmitic
(C16:0), margaric (C17:0), stearic (C18:0), palmitoleic (C16:1),
oleic (C18:1n9c), α-linolenic (C18:3n3), and linoleic (C18:2)
acids, as well as eicosapentaenoic acid (EPA; C20:5ω3),
eicosatetraenoic acid (ETA; C20:4ω6), and docosahexaenoic
acid (DHA; C22:6ω3). The major FAs in the freshwater
isolates were palmitic, linoleic, and linolenic acids, which
accounted for 21–32%, 4–14%, and 45–55% of the total FAs,
respectively. Statistical analyses revealed significant differences
(p < 0.05) in the C14–C18 FAs among the freshwater isolates.
Myristic, palmitic, palmitoleic, and oleic acids were the primary
FAs discovered in the marine isolates, accounting for 0.5–34%,
16–25%, 2–32%, and 4–28% of the total FAs, respectively,
whereas the other FAs were minors. Statistical analysis
indicated no significant differences (p > 0.05) in the C14–C18

FAs among the marine isolates. Among all the freshwater and
marine species, four species recorded C14–C18 FAs of exceeding
80%, namely A. falcatus (95%), C. emersonii (93%), A. obliquus
(91%), and C. muelleri (81%).

In addition to the amount of C14–C18 FAs, the amount of
SFAs, MUFAs, and PUFAs in respective FA profiles is also an
essential factor to consider for biodiesel production. An ideal FA
profile includes a low level of PUFAs and a high level of MUFAs.
Both marine C. muelleri and I. galbana isolates met the criteria by

FIGURE 1 | (A) Initial and final cell count (cells/ml), (B) biomass productivity (g/L/day), (C) lipid content (in % dry weight), (D) lipid productivity (mg/L/day), and (E)
fatty acid profile of the isolates. NFW1: A. falcatus, NFW2: C. emersonii, NFW3: C. monadina, NFW4: A. obliquus, SW1: C. muelleri, SW2: I. galbana, SW3: N. oculata,
and SW4: T. chuii. The data represent the mean of the replicate experiments (n = 3), and the error bars represent standard deviation.
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TABLE 2 | Biomass productivity, lipid content, and lipid productivity of different microalgae species as reported in the literature.

Productivity Microalgae species Measurement Culture medium References

Biomass productivity (g/L/day) Chlorella vulgaris 0.16 Sterilized municipal wastewater Kabir et al. (2020)
Scenedesmus dimorphus 0.13
Scenedesmus obliquus 0.15
Chlorella singularis 0.17 BBM Kumar et al. (2018)
Ankistrodesmus falcatus 0.41 BG-11 George et al. (2014)
Chlamydomonas mexicana 0.56 BBM Abou-Shanab et al. (2013)
Chlorella vulgaris 0.23 BG-11 Song et al. (2013)
Scenedesmus obliquus 0.21
Chlorella vulgaris 0.15 BG-11 Yoo et al. (2010)
Scenedesmus sp. 0.22
Chaetoceros sp. 0.07 f medium Rodolfi et al. (2009)
Isochrysis sp. 0.17
Nannochloropsis sp. 0.17
Tetraselmis sp. 0.30
Scenedesmus obliquus 0.14 MC medium De Morais and Costa (2007)

Lipid content (% dry weight) Chlorella vulgaris 30.4 Sterilized municipal wastewater Kabir et al. (2020)
Scenedesmus dimorphus 23.0
Scenedesmus obliquus 27.9
Chlorella vulgaris 9.3 Basal medium Metsoviti et al. (2019)
Chlamydomonas reinhartii 9.2
Nannochloropsis oculata 11.5
Chlorella singularis 19.0–30.2 BBM Kumar et al. (2018)
Ankistrodesmus falcatus 22.29–30.79 Liquid culture medium “Synura” Abdelkhalek et al. (2016)
Ankistrodesmus sp. 11.48–24.51
Chlamydomonas nivalis 10.77–17.06
Chlorella sp. 9.80–18.36
Scenedesmus falcatus 6.41–9.60
Scenedesmus protuberans 17.53–29.30
Scenedesmus quadricauda 6.91–10.60
Scenedesmus sp. 12.88–22.56
Ankistrodesmus sp. 17.5 Moh202 Talebi et al. (2013)
Chlamydomonas reinhardtii 18.9
Chlorella emersonii 18.6
Scenedesmus sp. 16.0
Nannochloropsis sp. 24.0 f/2 medium Griffiths et al. (2011)
Tetraselmis suecica 9.0
Chlamydomonas rheinhardii 21 — Um and Kim (2009)
Chlorella pyrenoidosa 2
Chlorella vulgaris 14–22
Scenedesmus dimorphus 16–40
Scenedesmus obliquus 12–14
Scenedesmus quadricauda 1.9
Chaetoceros sp. 12.1–16.8 f/2 medium Renaud et al. (2002)
Isochrysis sp. 20.2–21.7

Lipid productivity (mg/L/day) Chlorella vulgaris 47.4 Sterilized municipal wastewater Kabir et al. (2020)
Scenedesmus dimorphus 30.3
Scenedesmus obliquus 41.0
Chlorella sp.1 9.56 BBM Sharma et al. (2016)
Chlorella sp. 2 6.39
Chlorella vulgaris 12.35
Chlorella minutissima 9.41
Chlorella pyrenoidosa 8.88
Chaetoceros muelleri 51.07 f/2 medium Wang et al. (2014)
Ankistrodesmus fusiformis 49.58 Chu13 Nascimento et al. (2012)
Chlamydomonas sp. 36.17
Nannochloropsis sp. 42.00 f/2 medium Griffiths et al. (2011)
Isochrysis galbana 24.00
Tetraselmis suecica 37.00
Chlorella vulgaris 6.91 BG-11 Yoo et al. (2010)
Scenedesmus sp. 20.65
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having a comparatively low level of PUFAs and a higher level of
MUFAs (Figure 1E). FA profiles with high PUFAs are
unfavourable for biodiesel production because PUFAs are
highly susceptible to oxidation (Siaut et al., 2011; Halim et al.,
2012; Bounnit et al., 2020). Thus, microalgae with a high MUFA
content and low PUFA content are desirable for biodiesel
production (James et al., 2013; Morales et al., 2021). Among
the tested microalgae species, C. muelleri had the highest oleic
acid proportion (28.38 ± 1.22%), indicating the most suitable
isolate for producing high-quality biodiesel. Other isolates had
relatively low levels of oleic acid, ranging from 0.4 to 8.4%.
Mahmoud et al. (2015) had evaluated the potential for 15
microalgal species for biodiesel production, and among all the
isolates, three microalgae, Chlorella vulgaris, Scenedesmus
quadricauda and Trachelomonas oblonga were identified as the
most potent isolates. The three isolates had growth rate suitable
for high-density cultures, high lipid content of 29–37%, and
possessed the recommended unsaturated FAs, such as
palmitoleic acid (C16:1), oleic acid (C18:1), culate acid (C18:2)
and linolenic (C18:3). However, S. quadricaudawas chosen as the
most suitable species for the production of good-quality biodiesel
because it had the highest oleic acid content (25.97%), as
compared to the other two microalgae with only 6.80–8.42%.
The high concentration of oleic acid ester is a highly
advantageous property that allows for an intriguing trade-off
between oxidative stability and low-temperature performance,
thus improving biodiesel quality (Wang et al., 2020).

Although C. emersonii (NFW2) produced the highest biomass
productivity (0.78 g/L/day) and comparable lipid content (32%
dry weight) and highest productivity (252 mg/L/day), the species
was not recommended as the suitable candidate due to lower
MUFA (11.81%) and higher PUFA (66.51%) levels, a reverse
characteristic of biofuel production recommendation, and a

relatively low concentration of oleic acid (8.40 ± 0.25% of total
fatty acids), which is a critical component of biodiesel for good
ignition quality, combustion heat, oxidative stability, and
viscosity. Despite having moderately high biomass productivity
of 0.29 g/L/day, lipid content of 30.12% dry weight, and lipid
productivity of 87.33 mg/L/day (second highest), as well as high
MUFA and low PUFA levels, another microalgal species, I.
galbana, was not recommended as a potential biodiesel species
due to its low C14–C18 level of only 51.50% (second lowest
among the other species). As a result, among the eight
microalgae, C. muelleri was selected as the desired biodiesel
species as it had all the essential advantageous characteristics
for producing high-quality biodiesel, particularly having the
highest oleic acid level (28.38%). Besides the high level of oleic
acid, the selected microalga also has a moderately high lipid
productivity (42.90 mg/L/day), the highest lipid content of
39% dry weight, 81.47% of C14–C18 FAs, as well as the
recommended FA composition (low PUFA and high MUFA
levels).

CONCLUSION

In this study, the economic feasibility of microalgal oils for
biodiesel production is determined by screening and
evaluating possible local microalgal strains for biomass
productivity, lipid cell content, and FA composition. The
study was limited to only screening of eight cultivable
microalgae species. The results of this study indicate that the
naturally isolated microalga, C. muelleri, is a valuable candidate
for use in biodiesel production. This marine species produced the
highest lipid contents (39% dry weight) with C14–C18 FAs (81%),
the highest oleic acid proportion (28%), and the ideal

TABLE 3 | Fatty acid profile of microalgae isolates (% of total fatty acid methyl esters), with the desired MUFA, oleic acid (C18:1), highlighted in bold.

Fatty
acids

NFW1 NFW2 NFW3 NFW4 SW1 SW2 SW3 SW4

C14:0 (Myristic acid)* 0.63 ± 0.04d 0.38 ± 0.04d 0.47 ± 0.09d 0.40 ± 0.20d 33.60 ± 3.10a 18.10 ± 0.82b 3.84 ± 0.26b 0.49 ± 0.07d

C15:0 (Pentadecylic acid) n.d. 0.08 ± 0.04 0.23 ± 0.07 0.11 ± 0.10 0.72 ± 0.10 1.32 ± 1.14 0.37 ± 0.02 0.08 ± 0.01
C16:0 (Palmitic acid)* 32.19 ± 0.28b 20.93 ± 0.30b 25.09 ± 0.60b 24.62 ± 0.96b 15.54 ± 0.94c 23.18 ± 1.00b 21.44 ± 1.21a 24.98 ± 2.03a

C17:0 (Margaric acid) 0.29 ± 0.25 0.1 ± 0.11 0.29 ± 0.26 n.d. 0.07 ± 0.12 0.44 ± 0.77 n.d. 0.03 ± 0.06
C18:0 (Stearic acid)* 0.27 ± 0.01d 0.19 ± 0.17d 0.40 ± 0.04d 0.15 ± 0.13d n.d. n.d. n.d. 0.13 ± 0.11d

C16:1 (Palmitoleic acid)* 1.77 ± 0.98c,d 3.41 ± 1.08c,d 3.28 ± 0.12d 7.53 ± 0.20c 7.15 ± 0.51d 32.13 ± 2.44a 19.33 ± 1.88a 1.90 ± 0.80c

C18:1 (Oleic acid)* 1.45 ± 1.32c,d 8.40 ± 0.25c n.d. 1.86 ± 2.03c,d 28.38 ± 1.22b 4.01 ± 0.53c 6.96 ± 0.28b 5.43 ± 0.40c

C16:2 (Hexadecadienoic acid) 3.30 ± 0.08 1.07 ± 0.93 2.76 ± 0.05 1.29 ± 0.06 0.30 ± 0.44 n.d. 0.19 ± 0.02 1.06 ± 0.07
C18:2 (Linoleic acid)* 7.56 ± 0.29c 4.01 ± 0.14c,d 14.47 ± 0.45c 8.89 ± 0.23c 3.95 ± 0.20d 0.39 ± 0.34d 4.66 ± 0.13b 12.85 ± 0.87b

C18:3ω3 (Linolenic acid)* 52.56 ± 0.06a 45.04 ± 0.46a 53.01 ± 0.47a 54.97 ± 0.69a n.d. 5.82 ± 5.05c 0.23 ± 0.20c 29.96 ± 5.21a

C20:4ω6 (ETA) n.d. n.d. n.d. 0.18 ± 0.01 n.d. 4.55 ± 2.36 7.71 ± 0.57 5.43 ± 3.01
C20:5ω3 (EPA) n.d. 16.39 ± 0.34 n.d. n.d. 10.29 ± 6.50 9.07 ± 0.81 35.27 ± 1.65 18.01 ± 6.86
C22:6ω3 (DHA) n.d. n.d. n.d. n.d. n.d. 0.99 ± 1.72 n.d. n.d.
Total SFAs (%) 33.38 21.68 26.48 25.28 49.93 43.04 25.65 25.72
Total MUFAs (%) 3.22 11.81 3.28 9.39 35.53 36.14 26.29 7.33
Total PUFAs (%) 63.40 66.51 70.24 65.33 14.54 20.82 48.17 66.95
Total C14–C18 FAs (%) 94.66 93.44 78.95 90.81 81.47 51.50 37.13 73.84

NFW1: A. falcatus, NFW2: C. emersonii, NFW3: C. monadina, and NFW4: A. obliquus, SW1: C. muelleri, SW2: I. galbana, SW3: N. oculata and SW4: T. chuii.
Values are reported as mean percentage (±SD) of total fatty acids (n = 3). Different letters in lower case represent significant differences between fatty acids as determined by one-way
ANOVA and the Tukey HSD post hoc test (p < 0.05).
Means of the desired fatty acids (*) with different superscripts in the same column are significantly different.
n.d. = not detected.
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composition of MUFAs/PUFAs. Although C. muelleri produced
only moderate biomass and lipid productivity levels, its FA profile
was significantly more favourable than other isolates, implying
that the species possessed desirable characteristics for large-scale
biomass production for biodiesel feedstock. This study
contributes to the discovery of tropical microalgae species
capable of being used for renewable algal energy production,
paving the way for future bioprospecting to harness local
biodiversity to address sustainable bioindustrial needs.
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