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ARTICLE INFO ABSTRACT

Editor: Dr. GL Dotto Microalgal biomass has received a great deal of attention as renewable and environmental-friendly biofuel

feedstock as a rebuttal to climate change, energy crisis, and global warming. To improve the commercial viability

Keywords: of algal biodiesel production, the rise in lipid accretion and the enrichment of algal fatty acid profile are of

Microalgae utmost importance. In this experiment, lipid content and fatty acid methyl ester profiling of the microalgal strain,

]l;fpf.s . Scenedesmus sp. is done to understand the intercalating effect of different media composition for its suitability in
10d1ese.

context to biodiesel production. Various nutrient combinations (sodium nitrate, NaNOs) and di-potassium
hydrogen phosphate, (K;HPO4) were incorporated along with salinity (sodium chloride) exposure for first 48
h stage of algal cultivation, followed by oxidative stress via hydrogen peroxide (H2O,) for the second 24 h stage
of cultivation. The results show that the presence of 100 mM NacCl, 35.29 mM NaNOs, and 5.74 mM KyHPO4
followed by the addition of 10 mM H205 (S100H10N35.29P5.74) to the algal growth media led to the accumulation
of maximum total lipid content (226.49 + 16.6 pg/mg). Another nutrient combination, SoH;oN3s.29P0, increased
the saturated fatty acid composition (C16:0) to 31.7%. Principal component analysis (PCA) also demonstrated
the combined effect of multiple nutrient components and their relative concentrations on the growth parameters
and algal biochemical profile, such as biomass, chlorophyll, lipid, carbohydrate, alongwith fatty acid profiling.
Hence, this study demonstrate the potential of Scenedesmus sp. in response to a multi-component stress envi-
ronment that has influenced the fate of fatty acid methyl esters (FAME) composition and significantly improved
the quality of algal biofuels produced over a short period.

Principal component analysis

1. Introduction high-value products [7]. Essential ventures such as carbon-capture

skills, oil reservoirs, and photosynthetic efficiency are numerous times

Microalgae are unicellular species of sizes ranging from few micro-
metres to few hundreds of micrometres that can be found in both marine
and freshwater environments [1]. Besides having viability for alternate
and renewable energy source, they are also being used as a source of
various pharmaceuticals products [2]. Photoautotrophy [3], heterotro-
phy [4] and mixotrophy [5] are three different survival modes of these
microorganisms, which mainly depend upon the availability of carbon
and light intensity. To commercialize algal biofuels, synergizing the
enhancement of algal biomass along with lipid production is a major
concern. Under standard conditions, microalgae are reported to accu-
mulate 20-50% of lipid per dry cell weight, which can be further
improved upto 80% under various stressful conditions [6]. Microalgae
are highly explored for the biorefinery approach and are extensively
channelled into biomass feedstock for a wide range of bioenergy and

* Corresponding author.
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higher in algae than terrestrial plants. Under extreme environmental
physico-chemical parameters such as nutrient depletion, varying light
intensity, salinity, pH, and extreme metal toxicity, microalgae are
known to exacerbate TAGs [8]. Additionally, biotic stress conditions
such as algae-bacteria consortia are also known to contribute to TAG’s
overproduction [9].

Furthermore, all these perturbations are reported to minimize
biomass productivity, implicating a slower growth rate and reduced oil
yields due to curtailed photosynthetic proficiency, which is economi-
cally unviable. In a study conducted by Qiao et al. [10] on Mono-
raphidium sp. QLY-1, where he observed 14.28% and 43.31% increment
in lipid content. A similar kind of study conducted by Anand et al. [11],
where the combined effect of salt and nutrients was observed on the
examined species Scenedesmus sp. and found increased in saturated fatty

Received 25 January 2021; Received in revised form 28 May 2021; Accepted 3 June 2021
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Abstract

Microalgae are rich source of lipids and are one of the promising feedstocks for biofuel production, whereas enhancement of
lipid, carbohydrate, and biomass production is crucial for commercialization of algal biofuels. Nutrients/salinity stresses are
important to increase the synthesis of lipid. In the present study, Scenedesmus sp. is treated with a varying combination of sodium
nitrate (NaNQO3), dipotassium hydrogen phosphate (K,HPO,), and sodium chloride (NaCl) to improve lipid accumulation.
Results indicate that the modified media comprising of NaCl (100 mM), NaNO; (0 mM), and K,HPO, (0.22 mM)
(S100NoPg.22) accumulated higher quantities of lipid (385.4 + 34.2 pg/mg) along with considerable biomass (537.0 = 22.3 nug/
mL), chlorophyll “a” (6.2 + 0.08 pg/mL), and palmitic acid (32.6%). Apart from biochemical analysis, stress-induced biomarker
such as hydrogen peroxide (H,O,) was observed maximum for same combination (10854 umolH,0,/g), with low lipid perox-
idation (3.2 umol/g). Catalase (CAT) and superoxide dismutase (SOD) activity were further studied to monitor the impact of
reactive oxygen species (ROS) on lipid accumulation. This study revealed a better combination in terms of lipid and biomass
profile, which can further be investigated for large-scale production. Multi-stress-driven lipid production is one of the significant
outputs of the current study, which can further be explored in detail. Insight such interactions may provide directions for

economical production of algal biodiesel.

Keywords Biomass - Carbohydrate - Enzymatic activity - Lipid - FAME - TAGs

1 Introduction

Microalgae can be exploited to produce high quantities of
biofuels because they can be grown in a waste or barren land
with a greater output in terms of lipids. Additionally, they
have high growth rate and carbon capture efficiency in com-
parison to field crops or terrestrial plants [1, 2]. Biodiesel
commercialization through microalgae is still in its initial
phase as the production cost is high and biodiesel yield is
low. Oleaginous microalgae are considered a feedstock for
biofuel production as they can accumulate 30-70% lipids
per unit dry cell weight [3]. Therefore, exploiting more species
having high lipid accumulation capacity can contribute to
overcome the demand for biofuels. Enhanced lipid accumula-
tion can be achieved by treating microalgae with various

< Bala Kiran
kiranb @iiti.ac.in

Department of Biosciences and Biomedical Engineering, Indian
Institute of Technology Indore, Indore 453552, India

Published online: 02 March 2021

physical (pH, temperature, photoperiod, and light intensity)
and chemical treatment (nutrients variation, salinity, and hy-
drogen peroxide treatment) processes [4, 5].

Biochemical strategies are mainly concerned with nutri-
ents’ stress (viz., nitrogen, phosphorus, iron, and salt), where-
as physical stress includes temperature, pH, light intensity,
and photoperiod. Both these treatments can directly affect
lipid accumulation and biomass production in microalgae
[6-8]. Nitrogen is not only required for protein synthesis but
is also involved in cell division and growth process of
microalgae [9]. However, nitrogen assimilation is associated
with carbon fixation and plays a vital role in the maintenance
of metabolic balance, which can be achieved through an ap-
propriate amount of nitrogen provided to cells [10]. In the case
of nitrogen deficiency, protein synthesis is severely affected,
which declines the photosynthetic rate ultimately resulting in
change of metabolic flux towards lipid biosynthesis. Lipids
are highly reduced molecules, which can be used as a source
of energy under adverse conditions for the survival of
microalgae [11]. Nannochloropsis sp., Scenedesmus sp.,
Chlorella muelleri, and Neochloris oleoabundans, are some

@ Springer
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In current study, microalgae Scenedesmus sp. was treated with three different salts with varying levels from 10 to
100 mM: Sodium chloride (NaCl), Magnesium chloride hexahydrate (MgCl,.6H,0) and Calcium chloride dihy-
drate (CaCl.2H50). NaCl (100 mM) treated cells showed highest lipid accumulation in comparison to other salts.
On the other hand, little improvement in lipid accumulation was also observed with varying concentrations of

CaCly.2H20 and MgCl,.6H,0. Further, Fourier Transform Infra-Red (FTIR) spectroscopy reveals biomolecular
transitions leading to changes in Triacylglycerides (TAGs) and hydrocarbon (CH) stretches from the lipids. It is
observed that the maximum TAG was accumulated when treated with NaCl (70 mM). This was further confirmed
through the ratio of TAGs to Amide and CH to Amide. Thus, in relevance to rapid analysis of algal samples for
lipid accumulation and changes in biomolecular transitions of proteins and carbohydrates with salt treatment,
FTIR can direct us to a noninvasive approach.

1. Introduction

Amongst various macromolecules, lipids have been emerged as an
alternative source of renewable energy and are considered as favorable
feedstock for biofuels production (Kumar et al., 2019). And microalgae,
due to their high lipid accumulation potential, are being widely
considered as renewable source of energy (Remmers et al., 2018;
Alhattab et al., 2019). Microalgae produce biofuels, and can also be
utilized for CO;, fixation, which can assist in reducing global warming or
greenhouse gas impacts (Ghosh and Kiran, 2017; Ghosh et al., 2020).

Cellular level abiotic stresses viz. osmotic, oxidative, nutrient vari-
ation, temperature, pH, light intensity and metal-stress are mainly
employed to accumulate enhanced levels of lipids in microalgae (Sri-
vastava and Goud, 2017; Kiran et al., 2016a, 2016b). Nevertheless, due
to the high production cost along with water footprint, these stresses
aren’t proving to be profitable at pilot-level (Kim et al., 2016). Conse-
quently, salinity stress has come up as a complementary and practical
method for improving lipid accumulation in microalgae. However, it is
noteworthy that the stress-induced by salts such as CaCl,, NaCl, and
MgCly, is a complex process which not only affects the biochemical
mechanism but also physiological conditions related to the development
of microalgae. Hence the role and detailed mechanism of these salts for
lipid enhancement in microalgae is yet to be determined (Anand et al.,

* Corresponding author.
E-mail address: kiranb@iiti.ac.in (B. Kiran).
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2019; Chokshi et al., 2017; Minhas et al., 2016).

It is worth mentioning here that salts, generally, produce three types
of stresses, — oxidative, ionic and osmotic (Zhu, 2002). For example, in
the case of KCl/NaCl induced salinity stress, sodium ion competes with
potassium ion for the uptake, which leads to the shortage of potassium
ions in the cytosol. Salts in excessive amounts either in soil or other
adjacent environment reduces the amount of water uptake, which leads
to low osmotic potential. Oxidative stress leads to an imbalance in the
metabolic process, which generally results in the initiation of reactive
oxygen species (Affenzeller et al., 2009). Similarly, Yilancioglu et al.
(2014) has also stated an increase in microalgae lipids through oxidative
stress.

Fluorescent staining, chromatographic and colorimetric analysis
have emerged as cost-effective and fast lipid detection techniques and
are advantageous for the commercialization of algal biofuels (Krank
et al., 2007). Fluorescent method involving Nile red dye, helps to visu-
alize the neutral lipids produced inside the cell through confocal mi-
croscopy and can also be used to quantify lipids with fluorescence
spectroscopy (Cooksey et al., 1987; Elsey et al., 2007). Chromatographic
technique is utilized for both lipid quantification and lipid separation.
However, the Chromatography technique involves chemical/solvent
extraction, which is a time-consuming method whereas Nile red dye
method is not as quantitative as the chromatography separation

Received 27 August 2020; Received in revised form 5 October 2020; Accepted 14 October 2020
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ARTICLE INFO ABSTRACT

Keywords: The main aim of the present study is to understand algae behaviour and enhancement of the intracellular neutral
Microalgae lipid content of freshwater green microalgae, Scenedesmus vacuolatus, under salt exposure. Effects of various salts
Biodiesel (sodium chloride, magnesium chloride and calcium chloride) on this species were analysed by measuring
z‘a\lli\fliy parameters such as growth rate, chlorophyll content, neutral lipid intensity and conducting FAME profiling.

When under stress, microalgae divert their metabolic pathways towards lipid synthesis, and this is evidenced in
the current study. Compared to controlled and unmodified media cultivation, sodium chloride and magnesium
chloride exposure promoted 383% and 340% higher fluorescence intensities, respectively, and there was a
significant increase in the FAME content, particularly of saturated fatty acids (such as palmitic and stearic acid)
at a magnesium chloride concentration of 50 mM and calcium chloride exposure of 70 mM, with percentage
increases of 109% and 253%, respectively, compared to the control. Algal cells were found to be more tolerant
towards NaCl than other salts, and this was confirmed through the biomass accumulation profile. Biomass
productivity was highest at exposure to 100 mM sodium chloride (33 mgL~'d~!) followed by calcium chloride
(19.5 mgL~'d™ ") and magnesium chloride (12.6 mgL~'d~1). Confocal imaging further supported the results,
and scanning electron microscopy revealed changes in algal surface morphology. This study provides further
information about stress-driven lipid biosynthesis and analyses changes in cellular morphology and physiology.
However, further exploration and systematically studies are required to determine exact mechanism involved in

neutral lipid enhancement inside cells and associated metabolomics.

1. Introduction

Microalgae are able to accumulate a high lipid content, grow under
varying environmental conditions and produce a higher aerial biomass
than conventional energy crops [1]. Optimization of algal biomass
productivity and associated lipids is a major focus of biofuel production
research, and various strategies have been employed to optimize con-
ditions in both photobioreactors and open pond systems, with the aim
of obtaining high lipid accumulation in algal cells without significantly
compromising biomass productivity [2]. Algae based fuels can be suc-
cessfully employed if the algae growth process is sustainable and the
species used can generate high lipid bodies in normal conditions. If
these conditions are met, they can then be further enhanced using
conventional methods, such as the stress-derived enhancement of lipid
production, which leads to an overall increase in the FAME content.
Achieving bulk production of lipid rich algal biomass is a crucial
parameter for the sustainability of algae-based biofuels, as they can
then be used to replace at least the current market share of conventional

* Corresponding author.
E-mail address: kiranb@iiti.ac.in (B. Kiran).
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fossil fuels.

It has already been well established that the algal biochemical
composition can be controlled through defined cultivation conditions.
These cultivation conditions include exposure to variable nutrients
(nitrate and phosphate) and the application of different types of stress
(such as salinity induced osmotic stress, H,O, induced oxidative stress,
light, temperature and pH), which can enhance accumulation of desired
metabolic products [3]. Although these variable conditions have their
own limitations and may result in low biomass productivity through
stress behaviour, the use of two-stage cultivation has addressed this
issue to some extent (where algae strains are firstly grown in nutrient
sufficient conditions and then transferred to nutrient starved conditions
in the second stage) [4].

Osmotic/salinity stress has also been found to enhance lipid accu-
mulation. Salinity stress is multifarious and it affects the metabolism of
algae via several physiological and biological mechanisms relating to
growth. It is known that osmotic stress assists in manipulating meta-
bolic pathways and increasing lipid production [5]. In addition, under

Received 15 January 2019; Received in revised form 24 May 2019; Accepted 26 May 2019
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Abstract

In recent years, algal research revolves comprehensively in tapping the prospective of various approaches viz. energy sources
and nutritional supplements. Researchers worldwide are exploring various aspects of microalgae as they attract the scientific
community because of their various unique properties. It has been shown that changing the parameters for algae growth
can stimulate these beautiful cells to form substances which are of high value. Biosynthesis of a number of compounds is
governed through several enzymatic steps which are further influenced and controlled by the type and concentration of nutri-
ent provided or present in the natural habitat that can act as rate-limiting factor. Algal omics has turned out to be the finest
option in recent years for tapping algae as biofuel resource. Genomics and transcriptomics of algae have delivered decisive
information to understand lipid biosynthesis. On the other hand, proteomics and metabolomics complement algal omics by
offering accurate and useful understandings into the linked physiological settings. Although genomic study reveals many
important parameters for various applications using algae, which can be further enhanced when complemented well with
the techniques of proteomics, transcriptomics, metabolomics and lipidomics. Combination of datasets from various lipid
enhancement approaches can deliver a system-wide impression. These approaches permit closer consideration in the future

with an opinion to different practical impacts that are projected in modern era.

Keywords Microalgae - Lipids - Biofuels - Lipidomics

Introduction

Microalgae are of huge interest while finding alternative
options for lipid production and refining it to biodiesel. These
can be used for the production of many other useful products
like enzymes, medicine, biogas, syngas and biofuels. Micro-
algae have also been used to produce food supplements like
PUFA (DHA, EPA), B-carotene and polysaccharides since late
1990s. Neutral lipids are the storage lipids and are stored as
TAGs in thylakoid membrane. These lipid bodies can be used
as a source for producing biofuels, whereas structural lipids
are used as structural units of membranes such as phospho-
lipids and glycolipids. Environmental stresses such as varia-
tion in levels of pH, light intensity, temperature, and salinity
are used to improve lipid accumulation in algae (Kiran et al.
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2016). Growth rate may get reduced under stress conditions
resulting in lower biomass production; therefore, monitoring
of optimal growth condition is an important step in enhance-
ment of total lipid content or biodiesel production. Such
issues can be monitored through overexpression of key gene
involved in lipid biosynthesis using genetic engineering or
molecular approach (Levitan et al. 2015; Arora et al. 2018).
Lipid synthesis stimulation can be achieved through better
understanding of metabolic process and genetic information
among the species of concern. In this review, different meth-
ods are discussed in context to algal lipids identification and
enhancement through proteomics, genomics, transcriptomics
and lipidomics. Technologies used in the “omics” provide the
tools required to distinguish among DNA, RNA, proteins and
other molecules between species and among the individuals
of various species. “Omics” provide a huge set of data at dif-
ferent levels of biological organization which uses various
techniques to integrate data and obtain a general view of func-
tioning of the whole system. Algae have attracted the scien-
tific world because of many advantages like fast growth rate,
minimum land requirement, CO,-capturing potential (Ghosh
and Kiran 2017) and wastewater treatment. Transgenic
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