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ARTICLE INFO ABSTRACT

Keywords: Microalgae are rich source of poly unsaturated fatty acids and therefore, extraction and purification of poly
Biodiesel unsaturated fatty acids from algal strains are emerging steeply to nourish the nutritional needs of the population.
Fatty acid Recently, various cost-effective and efficient approaches are being explored to increase the poly unsaturated
Lil_)id fatty acids yield in algae. In this juncture, this article attempted to connect extraction of lipid using different
x;g?;itngress methods, and accumulation of lipid under various stress conditions, and accumulation of poly unsaturated fatty
PUFA acids under various stress conditions. Initially, extraction of lipid from various algal strains using different

techniques was discussed in detail. Then, accumulation of lipid in microalgae under the influence of various
stimuli has been critically flagged, in order to enable researchers to choose an optimal lipid induction condition
for food and fuel production. Later, impact of various factors or culture condition on the poly unsaturated fatty
acids accumulation in algae has been extensively assessed and presented in the perspective of increasing its
production for food supplement. Finally, recent literature pertaining to the lipid and poly unsaturated fatty acids
production in microalgae is reviewed, and summarized.

1. Introduction

Generally, algae are extremely diverse group of eukaryotic and
prokaryotic photosynthetic organisms, which possess diverse physio-
logical, morphological and genetic traits to confer the capability to
yield various bioactive compounds. Chlorophyta is one of the largest
phyla with different species and wide geographical distributions
(Kumar et al., 2017). These microscopic organisms show different
morphologies with approximately 3-10 um (length or diameter) and
support approximately 40% of global photosynthesis (Moreno-Garrido,
2008). Photosynthetic ability and ubiquitous nature of microalgae
made them a rich source of primary productivity in a wide range of
habitats including fresh-, sea-, and brackish water (Mathimani and
Mallick, 2018). In this energy deficient era, there is an increasing de-
mand of alternative fuel to substitute fossil fuel for meeting commercial
viability (Mathimani et al., 2017a; Mathimani and Nair, 2016;
Saravanan et al., 2018; Sayeda et al., 2015). In the past decade, focus
has been shifted to the production of third generation biofuels from
microalgae (Biller et al. (2013; Mathimani et al., 2018a), and
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microalgae have been found to be a competent source of biofuels pro-
duction due to certain advantages such as increased lipid, and biomass
productivity, and preferable fatty acid profile (Mathimani et al., 2017b,
2015), high photosynthetic rate, requirement of low culturing land, and
tolerance to various environmental conditions (Griffiths et al., 2012).
In addition to the biofuel production, microalgae have been de-
monstrated as a potential source of phenolic compounds and other
antioxidant compounds (Morowvat and Ghasemi, 2016) and the
bioactive compounds extracted from microalgae exhibit pharmaceu-
tical, healthcare and food industries applications (Sahu et al., 2013) and
further, these non-energy products have high commercial value
(Mathimani and Pugazhendhi, 2018). Microalgal metabolism depends
on the external conditions and therefore slight changes in external
environment or culture conditions stimulate the production of various
commercially important metabolites. Microalgal lipids are considered
as valued constituents in aquaculture feeds (Axelsson and Gentili,
2014). Among value added products produced from microalgae, pro-
duction of polyunsaturated fatty acids (PUFA) or long-chain fatty acids
are broadly known for their beneficiary effects on human health
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(Guihéneuf and Stengel, 2013) and the nutritional value of microalgae s £ _ ~8
is mainly related to their essential fatty acids contents (Liang et al., g g E <5 g () g =8
2006). Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA) o = o] < < S j =
are nutritionally significant PUFA's produced in significant amounts by g§|= < £ & = < = s e
the microalgal species, which increased over the trophic levels in the 8 ;; < g ~ % ~ ; f ; e é
marine food web and are of particular interest due to their levels of é S % é % é % g g '?E, 5’ 5
bioactivity (Chauton et al., 2015). Regular consumption of EPA and
DHA supplements has been shown to reduce inflammation, prevents ®
cardiovascular disease (Adarme-Vega et al., 2012). DHA plays a vital H
role in maintaining the membrane fluidity of the brain and retina. Some =
of the DHA derived mediators are involved in reducing inflammation, )
and protection against injury (Saini and Keum, 2018). Recently the E "
production of algal polyunsaturated fatty acids (PUFAs) has become g 3
more cost-effective compared to the production of biofuel and large F
number of producers has shifted their focus towards PUFA production 9 E g 8 .
(Sayeda et al., 2015). E :A z i 3 g

Though microalgal products/co-products is recognized as nutri- 2 @ 2 g S ,“2 o
tional supplements, only limited number of species was found suc- E : + E + : < 3 ;
cessful in the market. Exploring robust algal candidate with fast Blg g8 & S g 4 27
growing ability and high production of preferable compound is im- S YoRET e ° -e° -
perative for the successful execution of the microalgal technique S 2,
(Steinriicken et al., 2017). Hence, it is essential to acquire an adequate e ] $E
knowledge on the biochemical composition of each microalgae species g = - 3
in order to exploit their potential in different sectors (Matos et al., é % Ei §
2016). Further, extraction methods, and PUFA induction approaches : 5 3 o
like stress conditions need to be taken in account to identify high PUFA g E ‘é §
producer. Therefore, this review article initially emphasizes the sig- ? g £ QE
nificance of conventional and advanced lipid extraction methods and 9 _; ° g g
also the lipid accumulation in response to stress conditions. Further, the '§ e E S § ;
article focuses on the accumulation of PUFA in various algal species 3 g 2% ‘é % =l
under different stress conditions and importance of PUFA. ; 2 g2 ER §
2. Extraction of lipids z 5 8 2 ; -

E i E% £58. 2

Efficient lipid extraction technique is imperative to obtain maximal g R : \ET E; é jzi izi
lipid content from microalgae (Cuellar-Bermudez et al., 2015) and an g |z o = g 3 2558 8 =z
effective cell disruption method with suitable solvent mixtures to re- g5 & JESF 53885 & &5

cover maximal microalgal lipid were not established yet (Chauton et al.,
2015). The extraction of lipids is usually done using a non-water mis-
cible organic solvent (Adarme-Vega et al., 2012). Hexane is the most
popular choice of organic solvent used for large- scale extractions.
Fractional distillation is the best method used for the separation of
unsaturated fatty acids from lipids whereas saturated lipids are pre-
cipitated by reducing the oil temperature (Adarme-Vega et al., 2012).

Bligh and dyer, Chen, Folch, Hara and Radin methods

Chloroform-Hexane 1:1), (Chloroform-Ethanol 1:1),
Hydrothermal microwave processing assisted solvent

-
$5 3 g
. 252 3 2
S 8L E ®
= S 8 =%
The thick cell wall of several microalgae species blocks the release of ; _‘3 g —; § ‘% i E
intracellular lipids (Neto et al., 2013) and further, it is difficult to ex- > 5“ ; 5 g = § %
tract the lipids from the intracellular location of the cells without large 5 B g _ E 2 B g
amount of solvents. The basic and key requirement is to extract or se- E 8 5 ‘% S5 3 3 % B
parate oil without any interference of the contaminants (Araujo et al., g § % § E § g % 2 § §
2013). The lipid extraction methods employed for microalgae are given g g IS % % g E el 5 < g8
in Table 1. g2 T25887°3 %’ £8 B
Current extraction methods used are fractional distillation, super- g B 28 5 E2E z g g g &
critical fluid extraction, ultra-sonication, soxhlet, solvent extraction, e FEZ=aUa> @ Lo
and microwave assisted extraction (Adam et al., 2012; Adarme-Vega )
et al., 2012; Araujo et al., 2013; Axelsson and Gentili, 2014; Biller et al., s _§ A§ " §
2013; Neto et al., 2013; Ramluckan et al., 2014). However, extraction & S £ &3
methods are of two types i.e., mechanical (oil expeller, microwave, g é -g Ef %
sonication etc.,) and non-mechanical methods (Soxhlet extraction, su- B § % g § g
percritical fluid extraction etc.,) (Mathimani et al., 2017a, 2017c¢). In g %’ ] . E’ E S £
certain cases, mechanical and chemical methods were compared i.e., u‘i | 8 2‘ = % =?§ .':j § -
ultrasonication with ethanol (Wiyarno et al., 2011), microwave with % % UE’ g %’ 3 §, - ﬁg §
hexane (Cravotto et al., 2008) and ultrasonic water bath with chloro- = & 5935 §9 S ] '§ § % g~ 5
form: methanol (Krienitz and Wirth, 2006). A basic extraction protocol c gl 583 E 5 E § K §f§ & §
includes a combination of organic solvents such as methanol and - -% Té % g% g 3 § 3 -E E"g g g
chloroform for the cell disruption and concurrent extraction of lipids % £ § § é = % S é é’ B %’
from algal cells. In a solvent based extraction, soxhlet extraction with g & “ ==
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Fig. 1. Schematic illustration of the PUFA accumulation in response to various
factors.

Increased PUFA

: (DHA & EPA)

Microalgae

hexane (Halim et al., 2011), and chloroform/methanol binary solvent
system in Bligh and Dyer method (Bligh and Dyer, 1959) is practiced to
extract lipids from microalgae. In a recent study, direct solvent ex-
traction containing chloroform and methanol has been found efficient
in extracting maximal lipid at about 22% from marine microalga
Chlorella vulgaris (Mathimani et al., 2017c). Extraction efficiency of
different methods such as autoclaving, bead-beating, microwaves, so-
nication, and a 10% NaCl solution were compared. The lipid content of
Botryococcus sp., Chlorella vulgaris, and Scenedesmus sp. were 5.4-11.9,
7.9-8.1, 10.0-28.6, 6.1-8.8, and 6.8-10.9 g/L with chloroform and
methanol (1:1) using autoclaving, bead-beating, microwave method,
sonication, and a 10% NaCl respectively and microwave facilitated
approach was found as simple, and efficient microalgal lipid extraction
technique (Lee et al., 2010). But in the recent past, several drawbacks
were associated with these methods namely use of toxic solvents, and
low product yield. To overcome these, SC-CO, has been used as an al-
ternative extraction lipid extraction approach from microalgal species.

3. Accumulation of lipids in microalgae under stress conditions

Microalgae cultivated under stress generally accumulate lipids (Yen
et al., 2013), and however, it leads to low lipid productivity due to the
reduced growth rate (D’Alessandro and Antoniosi Filho, 2016). Con-
cerning environmental factors, temperature and light intensity are the
key factors affecting the lipid productivity of microalgae (Hindersin
et al., 2014), whereas among the nutrients, sufficient or deficient sup-
plementation of nitrogen and phosphorus influence the synthesis of
biochemical components of algae (Rasdi and Qin, 2015). Several re-
search reports showed higher lipid accumulation in microalgae grown
under nitrogen and phosphorus limitation. Nitrogen limitation is a
commonly used strategy to increase the lipids content in microalgal
species. Under low nitrogen concentration, Chlorella sp. MACC-438,
Chlorella minutissima MACC-452 and Chlorella sp. MACC- 728 were
found to yield maximal lipid (Ordog et al., 2016). A study was carried
out to assess the lipid contents of cyanobacteria and other classes of
microalgae under normal and stress conditions for comparative ana-
lysis. It was observed that the lipid contents were increased by 10-20%
in diatoms, green microalgae and other species under stress conditions
which was comparatively higher than nitrogen sufficient conditions
(Yen et al., 2013). Similarly, nitrogen stress increased the lipid content
of Nannochloropsis oculata (Converti et al., 2009) and C. pyrenoidosa
(Fan et al., 2014) at about 15% over control.

Increasing the lipid content of microalgae is also done by using bi-
phasic strategy. The first method involves the cultivation of microalgal
cells under sufficient nutrients conditions to stimulate higher growth
and then the cells are collected and exposed to nutrient starvation for
accumulation of the lipids (Mathimani et al., 2018b). Another study
was undertaken to assess the total lipids productivity in Haematococcus
pluvialis under nitrogen starvation and normal growth conditions. The
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lipids content of the H. pluvalis was found to be 34.85% and 15.61%
under nitrogen starvation and normal condition respectively. The
contents of the other identified fatty acids were found to be the same in
both the given conditions (Damiani et al., 2010). In a recent study, the
lipid content of marine microalga Chlorella vulgaris BDUG 91771 is al-
tered by the cultivation conditions such as light intensity, and tem-
perature and further, nitrogen and phosphorus concentration in
medium changes the fatty acid profile of the strain intensely
(Mathimani et al., 2018b).

4. Accumulation of PUFA in microalgae under the influence of
abiotic factors

Fatty acids (FAs) are the most important components of marine
microalgal sources as they are structurally diverse and have gained
importance due to their taxonomic specificity (Mathimani et al., 2018b;
Sahu et al., 2013). Further, fatty acid profile is conserved within the
phylum but differ at inter-phylum level (Sahu et al., 2013). The fatty
acids are being used as a biomarker to distinguish closely related mi-
croalgal species at generic levels. The profiling and analysis of fatty
acids is growing as it leads to the identification of novel set of com-
pounds with different functional groups (Lang et al., 2011). Among the
fatty acids, polyunsaturated fatty acids (PUFA's) have more than one
double bond in their long carbon chain structure and they are con-
sidered as high-value compounds in food and health industries. There
are two classes of PUFAs w-6 and w -3, which are vital for human fitness
and they are synthesized from linoleic acid and linolenic acid, respec-
tively. In addition, alfa-linolenic acid, EPA, and DHA are the key ®-3
fatty acids while y- linoleic acid and ARA are w-6 fatty acids (Shanab
et al., 2018). Microalgae are the richest source of PUFAs and notably,
eicosapentaenoic acid (EPA, 20:5, n-3) and docosahexaenoic acid
(DHA, 22:6, n-3) are the most important PUFA's due to their biological
functions (Yen et al., 2013). In the marine food chain, DHA and EPA are
synthesized by microalgae under various culture conditions including
autotrophic, heterotrophic and mixotrophic conditions (Adarme-Vega
et al., 2012). Further, various factors were also found to increase the
PUFA content (Fig. 1). Three main strategies were suggested to improve
EPA and DHA productivity i) regulating the cultivation conditions to
maximize physiological potential for switching the cell metabolism to
lipid and EPA +DHA synthesis; ii) escalate the biomass and lipid pro-
ductivity through breeding of strains ii) Genetic engineering approach
for EPA and DHA production (Chauton et al., 2015). Moreover DHA
contents can be increased by various methods such as winterization,
urea complexation, molecular distillation, AgNO3-complexation etc.
(Tang et al., 2011).

Several marine microalgae, and seaweeds belong to Phaeophyceae,
Rhodophyceae, Dinophyceae, Chlorophyceae were explored for PUFAs
(Shanab et al., 2018). EPA is predominant among various microalgal
classes including Bacillariophceae, Chlorophyceae, Chrysophyseae, Cryp-
tophyceae, Eustigamatophyceae, and Prasinophyceae whereas DHA is
commonly found in dinoflagellate (Crypthecodinium cohnii), along with
Schizochytrium and its related species. Variation in PUFA content was
observed when algae were exposed to various stress conditions
(Table 2). Studies have revealed a difference in the content of DHA
and/or EPA in some of the species such as Phaeodactylum tricornutum
(2.2-3.9% of DW) (Cerén-Garcia et al., 2013), Monodus subterraneus
(3% of DW) (Lu et al., 2002) and Nannochloropsis sp. (2.8-4.3%)
(Camacho-Rodriguez et al., 2013). Many microalgal species including
(Chaetoceros, Isochrysis, Nannochloropsis, Tetraselmis, Thalassiosira) pro-
duce sufficient amounts of DHA and EPA which are responsible for the
development of various bivalve larvae. Under heterotrophic growing
conditions, high amounts of DHA and EPA accumulation are observed
in the strains of Nannochloropsis, Phaeodactylum, Schizochytrium, and
Thraustochytrium. An EPA content of 39% of the total fatty acids was
found in Nannochloropsis sp. and Phaeodactylum tricornutum whereas
DHA content was found to be in the range of 30-40% of total fatty acids
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Table 2

Accumulation of fatty acids in microalgae species under stress conditions.

References

Response

Factors used/Stress

Growth conditions

Microalgae species

(Lei et al., 2012)

Increased linoleic acid and PUFA contents.

Nitrogen depletion, High and low

temperature

Light density of 20 umol m~2s ~! with a diurnal cycle of 12/12 h light/dark at

22 = 1°C.

Haematococcus pluvialis

(Camacho-Rodriguez
et al., 2013)

High concentration of nitrogen EPA content was increased by 2.5 folds.

min~ ! under continuous illumination of 100 uE m ™2

! and at a temperature of 25 °C.
12/12h light/dark cycle with 90 umol photons m™~2 s~ ! light, 3.4 mM of

sodium nitrate in medium, 0.30 cm/min CO, bubbling.

-1

Aeration rate of 0.5vv

Nannochloropsis gaditana

s~

(Damiani et al., 2010)

Saturated fatty acids contents increased by 30.36%
under condition A and 29.62% under condition B.
PUFA contents were increased under condition B.

A. Continuous high light intensity
B. Continuous high light intensity

Haematococcus pluvialis

without nitrogen
Nitrogen depletion

(Griffiths et al., 2012)

Increased concentrations of Oleic acid (18:1) and

Linoleic acid (18:2)

Airlift photobioreactors at 25 + 1 °C with a starting inoculum concentration of

0.05 g/L. NO5 concentration 1500 mg L ™! (nitrogen sufficient) or 150 mg L ™!

(nitrogen deficient.

Chlorella vulgaris, Scenedesmus,

Spirulina platensis

(Tatsuzawa and

PUFA (22:6) contents were increased from 10% to

14% and 33%.

Low temperature

F/2 medium, grown at two different temperatures (15° and 25 °C)

Pavlova lutheri

Takizawa, 1995)

EPA and PUFA contents were increased (Jiang and Gao, 2004)

Low temperature

F/2 medium was used in which urea was increased 4-fold and phosphate to

2-fold and maintained at 130 pmol photons m~2? s~ in 16:8 h light: dark

cycle.

Phaeodactylum tricornutum

(Liang et al., 2006)

Phaeodactylum tricornutum- Increased concentration

High and low Light (UVR) under
of EPA and PUFA.

different nitrogen sources

Sterilized natural seawater enriched with /2 medium containing nitrate (N-Nt),
ammonium (N-Am) or urea (N-Ur) as nitrogen (N) source at final nitrogen
concentration of 0.88 mM. Temperature: 18 * 1 °C, Photon flux: 60 pmol

quantam~2s™ !

Phaeodactylum tricornutum and

Chaetoceros muelleri

Chaetoceros muelleri- Increased concentration of

monounsaturated fatty acids.
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for Schizochytrium limacinum and Thraustochytrium (Adarme-Vega et al.,
2012). Nannochloropsis is considered as the most prominent strain in the
commercial DHA and EPA production (Peltomaa et al., 2017). When
microalgae species are grown in media with balanced carbon and ni-
trogen sources and under optimum pH with controlled temperature
conditions, high DHA and EPA productivity is obtained. As an essential
fatty acid, DHA could protect against neuro-generative diseases namely
Alzheimer, Parkinson and multiple sclerosis as well (Shanab et al.,
2018). Linoleic acid was found to be an effective formulation used in
the treatment of skin hyperplasias (Santhosh et al., 2016).

Nutrients play a crucial role in producing high amounts of oil from
Schizochytrium species. A study revealed 50% w/w of DHA content in
Schizochytrium and high growth rate by controlling the concentration of
glucose, nitrogen, and sodium. Further, external environmental factors
like concentrations of oxygen, temperature, and pH were seen to in-
fluence the growth rate and productivity of DHA (Ward and Singh,
2005). Several studies have reported the influence of these factors on
the growth and variation in the contents of DHA and EPA in microalgal
species. The EPA content was increased from 20% to 30% in Paviova
lutheri when temperature was decreased to 15°C (Tatsuzawa and
Takizawa, 1995). Similarly, temperature decrease from 25-10°C for
12h, increased the EPA level in Phaeodactylum tricornutum (Jiang and
Gao, 2004). The same species showed an increased content of EPA to
19.84% under UV light stress conditions (Liang et al., 2012). Induced
mutagenesis is widely used to develop strains with required char-
acteristics. A study on the UV-induced mutant strains of Pavlova lutheri
showed an increase of more than 30% of the dry weight of DHA and
EPA contents (Chauton et al., 2015). In another study, DHA content was
increased up to 56.9% of total fatty acids in Crythecodinium cohnii ATCC
30556 when cultured in 9 g/L NaCl (Adarme-Vega et al., 2012). DHA
production was further assessed by the effect of aeration in Schizochy-
trium sp. using fed-batch fermentation. In a stepwise manner, the
aeration rate was set to 0.4 vol of air per volume of liquid (vvm)/min
for the first 24 h, and then the air flow rate was changed to 0.6vvm for
96 h, and finally was shifted back to 0.4 vvm till the completion of the
process. The changes in aeration rate caused increased cell density
(71 g/L), higher levels of lipids (35.75 g/L), and increased DHA content
(48.95%) (Yen et al., 2013).

Another study was carried out to evaluate the fatty acid content of
H. pluvialis under the influence of various factors. The results revealed
that low temperature (4 °C), increased iron concentrations (450 mM of
FeSO,), increased salinity (45mM of sodium), high temperature
(42°C), and nitrogen depletion increased the contents of fatty acid by
1%, 9%, 22%, 23% and 32% respectively (D’Alessandro and Antoniosi
Filho, 2016). Nitzschia laevis is found to be a promising source of EPA
under heterotrophic culture conditions (glucose as a carbon and energy
substrate), which yields 0.017gg~! EPA dry cell weight? (Tan and
Johns, 1996). Arachidonic acid (ARA) is a long chain (C20:4) PUFA,
which are considered as a vital component of the bio-membranes
(Shanab et al., 2018). Among the microalgal species, Porphyridium
purpureum- a red alga is known to produce considerable amounts of
ARA. ARA yield reached up to 40% of total fatty acids when the mi-
croalgae was cultured under stress conditions (increased salinity, op-
timum pH and temperature, and limited nutrients) (Shanab et al.,
2018). Parietochloris incisa is a rich source of ARA as it possesses sig-
nificant quantity of ARA (Bigogno et al., 2002). Metabolites of free ARA
are essential for skeletal muscle, nervous system and immune system
functioning for the resistance towards allergens and parasites and fur-
ther, derivatives of oxidation-independent ARA are important for mo-
tivation processes, energy balance, emotion, pain and stress responses
(Tallima and El Ridi, 2018).

5. Conclusion

Over the past few years, algal biotechnology industry has been
growing rapidly and biotechnological potentials of microalgae is being
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studied for various applications. Among the value added products from
microalgae, successful extraction and purification of PUFAs from mi-
croalgal species is being done by various researchers and the role of
PUFA in lowering the cholesterol levels and prevention of heart disease
is also studied. In this article, extraction of lipid from microalgae grown
under stress conditions using various techniques was discussed.
Further, accumulation of PUFA in response to stress has also been
presented. However, there is a lack of scientific knowledge about the
significant biological properties of PUFA including nutraceuticals,
pharmaceuticals etc. Recent efforts on extraction and purification of
PUFAs from microalgae have been growing but more systematic studies
are needed to identify economical methods to produce maximum PUFA
from marine sources. Finally, it can be concluded that studies per-
taining environmental factors needs to be addressed for obtaining high
value products from microalgae and also to assess the sustainability of
the processes.
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