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Abstract

Energy crisis, water shortage and pollution are among the major challenges confronting
the sustainable environmental existence. Currently, fossil fuels fulfil 80 % of the world’s
primary energy requirements of which 58 % is consumed by the transportation sector.
Renewable energy derived from sustainable feedstocks can reduce the load on the fossil fuels
and curb the greenhouse gasses (GHG) emissions. Biofuels specifically biodiesel production
has increased over the years (2.8 billion gallons in 2016) due to its renewability, reduced
carbon emissions, unburned hydrocarbons and particulate emissions as compared to petro
diesel engines. Biodiesel is a mixture of fatty acid methyl esters (FAMES) derived from plant
oils, animal fats, and waste cooking oils. However, plant oil derived biodiesel cannot be
sustainable as edible oils compete with the food consumption. Further, non-edible oils and
waste cooking oils have high amount of free fatty acids (FFA) which are undesirable for
biodiesel production. Non edible oils also demand large areas of land reserves and water
resources, thus competing with food crops.

Additional to the fuel crisis, heavy metals disembogue into water bodies have also led
to loss of aquatic life, bioaccumulation and biomagnification of toxins in the food chain.
Removal of heavy metals from the water sources is critical as they are non-biodegradable,
recalcitrant and can abolish the self-purification ability of aquatic bodies leading to toxic water
supply. Among the heavy metals, arsenic (As) is one of the major toxin contaminating the
groundwater in many countries including India, China, Vietnam, Bangladesh and Pakistan.
United States Environmental Protection Agency (USEPA) has classified arsenic as Group 1
carcinogen based on human epidemiological data. European Union has fixed a maximum limit
up to 10 ug ml™ for As contamination. However, exposure to As even in low quantities (0.1 pg
ml™) can increase the risk of skin, kidney, lung and bladder cancers. Currently various physico-
chemical treatment methods are employed including ion-exchange, precipitation, solar
distillation for removal of As from water bodies. However, methods listed above produce As
laden discards which needs to be treated further before being finally discharged into water
bodies.

In view of the current scenario, utilization of microorganisms specifically
photosynthetic green microalgae has been considered as potential cell factories for the
production of biodiesel and as prospective bioremediators. They have faster doubling time,
require less land, high photosynthetic ability and biomass production as compared to energy
crops such as rapeseed and soybean. Furthermore, they have a unique ability to adapt to various
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environmental conditions ranging from fresh water to marine and even waste water along with
mitigation of of CO,. Under adverse conditions such as nutrient limitation, temperature, pH,
light intensity, heavy metal etc. microalgae can accumulate up to 50-60 % of lipids (dry cell
weight) making them as desirable feedstocks for biodiesel production. These stored lipids or
triacylglycerol (TAGSs) contain fatty acids ranging from C12-C24 that are identical to plant oils
(Jatropha, Palm, and Soya). Moreover, microalgae have high metal binding capacity and they
can remove arsenic by adsorbing the heavy metal onto its surface as its cell wall is composed of
different functional groups which act as binding sites for heavy metals followed by intracellular
metabolism.

Despite the great potential of microalgae for biodiesel and mitigation of arsenic, its
utilization on large scale is still a long road ahead. To bridge this gap, reduction in the cost of
algal production encompassing bioprospecting of potential high lipid accumulating strains,
utilization of sea water for cultivating microalgae and integrating As removal with biodiesel
production are quintessential. Further, understanding the molecular adaption mechanisms in
response salt and metal stress in prospective oleaginous microalgal strains could lead to
successful modifications in the expression of key lipid/salt/metal associated enzymes resulting
in overall improved productivity. This could be achieved by through knowledge of algal-omics
which can then be manipulated to achieve desirable outcomes. Keeping the above view in

mind, the specific details of thesis chapters (1-5) are as follows:

Chapter 1 gives an overview on energy crisis and arsenic pollution with the role of
microalgae as a potential feedstock for biodiesel production and as a budding tool for
mitigating arsenic from the contaminated waters. A detailed literature survey of algal omics
techniques (proteomics, metabolomics and lipidomics) and their role in identification of

potential genetic engineering targets for boosting TAG accumulation have also been discussed.

Chapter 2 deals with the bioprospecting of indigenous high biomass and lipid
accumulating microalgal strains capable of growing sea water. A total of four strains
(Scenedesmus sp. HTRIND2, Chlamydomonas debarayna IITRIND3; Chlorella sp., and
Tetradesmus obliquus IITRIND1) were isolated from a fresh water lake and three procured
strains (Chlorella minutissima, Scenedesmus abundans and Chlorella pyrendosia) were
evaluated for salt tolerance by cultivating in artificial sea water (ASW; 35 g/L sea salts).
Among the isolated strains, Scenedesmus sp. IITRIND2 was able to grow in ASW and thus was
chosen for further experiments. The microalga attained maximum lipid productivity of 83 + 2
mg/L/d in ASW as compared to the Bold’s basal media (BBM) (25 + 1.2 mg/L/d). The increase
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in the lipid content was balanced by a sharp decrease in its protein and carbohydrate content.
Further, biochemical analysis evidenced that salinity induced oxidative stress resulted in
reduced levels of photosynthetic pigments, elevated H,O,, thiobarbituric acid reactive
substances, proline, glycine betaine, catalase and ascorbate peroxidase activity attributing to
microalga’s halotolerance. The FAME analysis revealed the dominance of C14:0, C16:0,
C18:0, C18:1 and C18:2 fatty acids under halotolerant conditions. Further, the properties of
biodiesel resulted under saline conditions were in compliance with ASTM D6751 and EN
14214 fuel standards indicating that the lipid augmented halotolerant algal strains capable of
growing in sea water can be formulated as environmental sustainable and economic viable

sources for biodiesel production.

Chapter 3 characterizes the halotolerance and TAG accumulating mechanism of
Scenedesmus sp. IITRIND2 in response to ASW (35 g/L sea salts) as compared to control (0
g/L sea salts) by studying both physiological and molecular responses. On exposure to salinity,
the microalga rewired its cellular reserves and ultrastructure, restricted the ions channels,
modulated its surface potential along with secretion of extrapolysaccharide to maintain
homeostasis and resolve the cellular damage. To gain further insights into the molecular
responses under halotolerance conditions, an “integrated omics approach” comprising of
metabolomics, proteomics and lipidomics studies was utilized. The obtained results were
complemented with real time polymerase chain reaction (RT-PCR). The algal-omics studies
suggested a well organised salinity driven metabolic adjustment by the microalga starting from
increasing the negatively charged lipids, up regulation of proline and sugars accumulation
followed by direction of carbon and energy flux towards TAG synthesis. Further, the algal-
omics studies indicated both de-novo and lipid cycling pathways at work for increasing the
overall TAG accumulation inside the microalgal cells. Such a salt response is unique and
different from the well-known halotolerant microalga; Dunaliella salina, implying diversity in
algal response with species. Based on the integrated algal-omics studies, four potential genetic
targets belonging to two different metabolic pathways (salt tolerance and lipid production)

were identified.

Chapter 4 illustrates the potential of Scenedesmus sp. IITRIND2 for carbohydrate and
lipid accumulation by cultivating in natural sea water in a small-scale custom built
photobioreactor. The microalga showed remarkable ability to cope up with different salinity

environments under given temperature and light conditions. Such an adaptation was attributed
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to the increase in neutral sugars, such as glucose, mannose, galactose, fucose and ribose,
associated with both structural and storage (and potentially osmoprotectant) polymeric
carbohydrates. The carbohydrate rearrangements may aid with rewiring the cellular
components and membrane permeability in circumventing the detrimental effects of high
salinity. The microalga showed high carbohydrate and lipid accumulation, signifying its
potential for integrated bioethanol and biodiesel production. (This work was a part of
Bioenergy-Awards for Cutting Edge Research (B-ACER), 2016 carried out under the
supervision of Dr. Philip T..Pienkos, Strategic Project Lead, NREL, CO, USA).

Chapter 5 aims to integrate toxic and carcinogenic heavy metal arsenic (both Il and V
forms) removal coupled to biodiesel production by Scenedesmus sp. HTRIND2. The microalga
was able to tolerate half a gram of As (IIl) and As (V) forms in synthetic soft water (SSW)
triggering lipid production along with efficient removal of the toxic heavy metal from SSW.
The bioremediation mechanism was studied by analysing the changes in its biochemical,
biophysical and metabolic characteristics. The results suggested that by using a complex
interplay of biomolecular, photosynthetic agents and varied metabolites, the microalga
tolerated the arsenic stress. The study also revealed that the metabolic changes in the presence
of As (I11) and As (V) are differential in nature, and were more extensive in the presence of As
(V) due to its enhanced toxicity, thus evidencing for variable perturbations in major cellular

metabolic pathways.

In summary, the thesis highlighted the unique characteristics of a novel fresh water
microalga; Scenedesmus sp. HTRIND2 which efficiently adapted to sea water and arsenic
contaminated waters along with high biomass and TAG accumulation. Utilization of various
biophysical and algal-omics techniques unravelled the physiological and molecular mechanism
involved for salt and arsenic tolerance. This comprehensive study will help identifying
biomarkers for TAG increment along with salt and metal tolerance that could be potential

genetic engineering targets in microalgal strains.
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CHAPTER 1

Introduction and Review of Literature

1.1 Energy crisis

Rapid industrialization and urbanization have led to depletion of fossil fuel reserves,
escalation in the levels of greenhouse gas emissions and heavy metals in environment which
are consequently posing threat to energy security, environment and well-being of all the life
forms. On the energy front, renewable and sustainable energy development is the way forward
to avoid further stressing the energy crisis and global climate change thereby restoring energy
reserves [1,2]. The International Energy Agency (IEA) reported that the transportation sector
alone consumes 63 % of the fossil fuels and is responsible for ~ 22 % of the world’s CO,
emissions [3]. This has led to the increase in the CO, global emissions reaching a new high of
37 Gt in 2035 along with a global temperature rise to ~ 0.17 °C per decade [4,5]. Recently,
Paris agreement established firmly to limit the earth’s temperature increase to 2 °C and this
requires 90 % coal reserves, 50 % of gas and 2/3™ fossil fuels reserves to be kept intact [5,6].
Replacing fossil fuels with biofuels can provide a leap towards solving the energy crisis and
limiting the deterioration of the environment. Biofuels are liquid fuels that can be derived from
biomass obtained from agricultural, forest, industrial wastes or microbial biomass [7]. They can
be broadly categorised into seven distinct categories including bioethanol, biomethanol, biogas,

biodiesel, Fisher Tropsh diesel, biohydrogen and biomethane respectively [8].
1.2 Biomass based biodiesel production

Biomass is the fourth largest available energy resource in the world and could be
utilized for sustainable biofuel generation [9,10]. Among the biofuels, biodiesel can be directly
used in diesel engines without any major modifications and the infrastructure for storage and
transportation currently existing for petroleum based fuels could be utilized [11]. Biodiesel is
derived from lipids, which are fatty acids produced from plants, animals or microorganisms.
Compared to conventional diesel, burning of biodiesel reduces the total hydrocarbons,
particulates and carbon monoxide by 55 %, 53 %, and 48 % respectively. It is also more readily

biodegradable than petroleum diesel [12]. Biodiesel is produced by a mono-alcoholic
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transesterification process, in which triglycerides reacts with a mono-alcohol (most commonly
methanol or ethanol) with the catalysis of alkali, acids, or enzymes [13-15]. The
transesterification process involves reaction of 1 mole of triacylglycerol (TAG) with 3 moles of
methanol at moderate temperature catalysed by acid or alkali or enzyme to form 1 mole of
glycerol and 3 moles of fatty acid methyl esters (FAMES) which can be utilized for biodiesel as
depicted in Fig. 1.1 [16].
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Fig. 1.1: Transesterification reaction.

Biodiesel can be classified into four major categories based on the feedstock namely
first generation, second generation, third generation and fourth generation (Fig. 1.2). First and
second generation are conventional biodiesel which are derived from edible and non-edible
terrestrial plants including corn, sugarcane bagasse, soyabean, rapeseed, canola, jatropha
[4,17,18]. However, the major drawback of these conventional fuels include requirement of
large area, water and nutrients supply for cultivation which directly competes with the
agriculture food production [17,19,20]. These disadvantages can be overcome by using third
generation biofuels, derived from biomass of various microorganism including bacteria, yeast,
fungi and microalgae which can be cultivated on smaller land areas along with high areal
productivity [21]. On the other hand, fourth generation biofuels include genetically engineered
microorganism for augmenting their biodiesel potential [22]. Among these, photosynthetic
microalgae offer an edge over their counterparts due to their ability to utilize CO, and solar
energy for generating biomass thereby eliminating the need for organic carbon which entails
hefty cost [20].
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Fig. 1.2: Different categories of biodiesel generation.

1.3 Heavy metal pollution

In addition to developing and deploying biofuels, mitigation of heavy metals from the
aquatic ecosystems is a significant challenge. Anthropogenic activities and disturbance in the
natural biogeochemical cycle due to climate change have led to mobilization of toxic and
carcinogenic heavy metals including lead, arsenic, mercury, cadmium, lithium etc. into the
environment [23]. Among the heavy metals, US Environmental Protection Agency (USEPA)
has listed thirteen heavy metals in which arsenic (As) has been listed as category 1 and class A
carcinogen [12]. High levels of arsenic in potable water sources have been reported in various
countries including south-west Finland (17-980 mg/L), western United States of America (1
48000 mg/L) and Inner Mongolia China (up to 1354 mg/L) [24]. Further, the arsenic laden
discards released from the drinking water treatment plants contain very high concentration of
arsenic for example, the arsenic bearing liquid wastes contain ~ 200-500 mg/L, while arsenic
bearing solid wastes can have a maximum of ~7500 mg As/Kg waste [25,26]. These arsenic
bearing wastes are directly dumped into the nearby ponds or in open fields thereby posing a
greater risk for human exposure and recontamination of water sources. Removal of arsenic
from the contaminated water bodies has been achieved by various physiochemical techniques
[27]. However, these methods require high maintenance and expensive mineral adsorbents
making the overall process costly [28]. This necessitates the exploration of innovative,

sustainable and eco-friendly means to effectively mitigate arsenic from the aquatic bodies.



1.4 Algae

Algae are recognized as the oldest life forms which are the basis of marine food chain
as they produce ~ 50 % of the oxygen we inhale [29,30]. They are classically defined as
oxygen evolving thallophytes (plants lacking root, stems and leaves), containing chlorophyll or
chlorophyll like pigments as their primary photosynthetic apparatus and lack a sterile covering
around the reproductive cells [31,32]. Algae are practically found in every type of environment
ranging from fresh water to salt water, hot springs to snowfields and can tolerate wide range of
pH, temperature, turbidity, light etc. [31]. They are also extremely diverse in morphology and
size ranging from picoplankton (0.2- 2 um) in diameter to giant kelps (60 m) [30]. Depending
on the coloration of their pigments, ecological habitant, structural and reserve polysaccharides
including both prokaryotic and eukaryotic, they can be classified into ten distinct groups;
Chlorophyceae (green algae), Xanthophyceae (yellow-green algae), Diatomaceae
(yellow/golden brown algae), Phaeophyceae (brown algae), Rhodophyceae (red algae),
Chrysophyceae (golden-brown algae), Chrysophyceae (diverse pigmentation), Dinophyceae
(yellowish green to deep golden algae), Euglenineae (pure green algae) and Chloromonodineae
(distinct green colour) respectively [30]. Further, another algal group, Cyanophyceae (blue
green algae) have been placed in a distinct bacterial domain, hence are named cyanobacteria
[33]. To date, approximately 32,260 species of living algae have been reported in AlgalBase
(http://lwww.algaebase.org). Algae can either be autotrophic (utilize inorganic carbon source
such as CO, and light), heterotrophic (require organic carbon sources and nutrients) or

mixotrophic (can utilize both inorganic and organic carbon sources) to divide and grow [29].

1.4.1 Microalgae derived biodiesel

The concept of cultivating microalgae for biofuel particularly biodiesel was introduced
between 1978-1996 by the U.S. Department of Energy (DOE), under the Aquatic Species
Program (ASP), funded by Solar Energy Research Institute (SERI), which became National
Renewable Energy Laboratory (NREL) in 1991 [34]. ASP focused on production of biodiesel
from oleaginous microalgae and documented their finding in “A look back at the U.S.
Department of Energy’s biodiesel from Algae” [34,35]. Microalgae offer an edge in
comparison to other conventional plant based feedstocks owing to their relatively rapid growth
rate, higher yields of bioenergy per hectare, and their ability to thrive without a need for arable
land along with reduction of freshwater, thus mitigating potential impact on food supplies

[36,37]. Furthermore, microalgae can capture CO; not only from the environment but also from
4



different industrial waste streams, which might provide a positive sustainability impact [38].
Microalgae (and cyanobacteria) harness sunlight and CO, from the environment to synthesize
lipids, carbohydrates, proteins and various value-added products (e.g. carotenoids,
phycobiliproteins, sterols and vitamins) [39]. The neutral lipids (TAGs) and carbohydrates
accumulated inside microalgal cells can serve as efficient raw materials for biodiesel and
bioethanol production respectively. TAGs are composed of fatty acids with a glycerol
backbone, which can be transesterified to form FAMEs [40,41]. The detailed procedure for
biodiesel production from microalgae has been outlined in the flow chart (Fig. 1.3).

Microalgae isolation from edaphic environments

Light + Water + l CO; + Nutrients

Microalgae cultivation

Auto-sedimentationl Centrifugation

Harvesting

Dewatering + Filteringl + Drying + Thickening

Biomass processing

Cell disruption l Oil extraction

Transesterificationl Purification

Biodiesel production

Fig. 1.3: Flow chart of biodiesel production from microalgae.

Oleaginous microalgae have the inherent capability to accumulate large quantities of
TAGs (20-60 % of dry cell weight) under adverse conditions in specialized lipid bodies [42].
The adverse conditions can be categorized as physical (e.g. shifts in temperature, light
intensity, wavelength of light) and chemical (e.g. nutrient depletion, salinity, CO,, heavy metal
exposure) [4,43]. TAGs help microalgae to withstand the imposed stress by maintaining
intracellular lipid homeostasis, cellular function and energy supply [44]. However, prolonged
stress can results in breakdown of the photosynthetic apparatus, resulting in chlorophyll

degradation (manifesting as chlorosis), limiting cell division, and reducing the overall TAG
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productivity [45]. Additionally, there is an inverse relation between active growth and
lipogenesis. Therefore, an optimum balance between growth rate and TAG accumulation is
essential for commercial algal biodiesel production which necessitates in depth knowledge of
TAG accumulation pathway in microalgae [46].

1.4.2 Overview of TAG accumulation in microalgae

Understanding lipid synthesis mechanism in microalgae is one of the governing criteria
for enhancing TAG accumulation [47]. Whole genome sequencing, de novo transcriptomics,
proteomics and metabolomics of different microalgae have revealed a detailed mechanism of
lipid catabolism and anabolism under various growths (autotrophic, heterotrophic, mixotrophic)
and stress (physiological, chemical and operational) conditions [44]. Neutral lipid (TAG)
synthesis in microalgae can be subdivided into two steps: de-novo fatty acid synthesis
occurring in the plastid and acyl-lipid assembly in endoplasmic reticulum as shown in Fig 1.4
(A-C). The first step de-novo synthesis of fatty acid begins with the formation of glycerol-3-
phosphate via Calvin cycle which is a photosynthetic product (autotrophic mode) and then its
subsequent conversion to pyruvate in the plastid of microalgae [47]. Pyruvate is then catalysed
by pyruvate dehydrogenase complex (PDC) to acetyl-CoA thereby initiating lipid synthesis
(Fig. 1.4A). The formation of acetyl-CoA is dependent on photosynthetic efficiency (PE) as
ATP (Adenosine triphosphate), NADPH (Nicotinamide adenine dinucleotide phosphate) and
NADH (Nicotinamide adenine dinucleotide, reducing power) which "is provided by
photosynthesis [44]. Acetyl Co-A then carboxylates to malonyl-CoA catalyzed by plastid
acetyl-CoA carboxylase (ACCase) which is the first rate limiting step of lipid synthesis [44].
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Fig. 1.4A: Schematic representation of de-novo synthesis of fatty acid in plastid.

In the stroma malonyl- CoA is then transferred to an acyl carrier protein (ACP) with the
help of fatty acid synthase (FAS) complex as depicted in Fig. 1.4B [48]. The formation of
malonyl-ACP starts a series of fatty acid elongation steps involving various intermediate
products such as 3-keto butyrl-ACP, 3-Hydroxy butyrl-ACP, trans A*- butenoyl-ACP, butyrl-
ACP and finally 3-keto-acyl-ACP which are catalysed by 3-ketoacyl ACP reductase (KAR), 3-
Hyroxyacyl ACP dehydrase (HD) and enoyl ACP reductase (ENR) respectively [49]. This
cycle continues till saturated fatty acids (16:0 ACP and 18:0 ACP) are not formed after which
the cycle is terminated by either removing the acyl group and then transferring it to glycerol 3-
phosphate (G3P) in the cytosol catalysed by acyl-ACP thioesterase or by acyl transferases in
the plastid [47]. Further, to generate unsaturated fatty acid chains, double bond is introduced by
a soluble enzyme stearoyl-ACP desaturase (SAD). The free fatty acids are transferred to the
cytosol and then to endoplasmic reticulum (ER) for further processing and conversion to TAGs
[44,50].
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Second step of TAG synthesis is the acyl lipid packaging also called the Kennedy
pathway occurring in the ER results in formation of three major intermediates:
lysophosphatidic acid, phosphatidic acid and diacylglycerol catalysed by glycerol phosphate
acyl transferase (GPAT), lyso-phosphatidic acid acyltransferase (LPAAT) and lyso-
phosphatidylcholine acyltransferase (LPAT) respectively [44]. Diacylglycerol (DAG) is the
precursor of triacylglycerol (TAG) and its conversion is catalysed by diacylglycerol
acyltransferase (DGAT) as shown in Fig. 1.4B.

Besides this there also exists an alternative to the Kennedy pathway, the acyl-CoA
independent  pathway  for TAG  accumulation in microalgae  involving
phospholipid:diacylglycerol acyl transferase (PDAT). It is postulated that PDATSs transfers
fatty acyl moiety from phospholipid to DAG. PDAT utilizes the chloroplast membrane lipids
including monogalactosyl diacylglycerol (MGDG), sulfoquinovosyl diacylglycerol (SQDG)
and phosphatidylglycerol (PG) as substrate for the synthesis of TAGs. Thus, both de-novo and
acyl-CoA independent pathways contribute to overall TAG accumulation in microalgae (Fig.
1.4C).
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1.4.3 Commercial prospects of microalgal biodiesel production

Considerable effort has been made to cultivate microalgae on large scale in open ponds
and closed photobioreactors (PBRs), but there is still a long road ahead for its commercial
deployment. Economic evaluation of microalgae derived biodiesel indicated selling price of $
5-10.31/gallon, which is higher than the petroleum ($ 3.17/gallon) and conventional biodiesel
($ 4.21/gallon) [51]. Two key factors that could expedite the economical production of
biodiesel production include increasing the algal biomass with reduced cost of feedstocks and
cost effective extraction of lipids along with utilization of residue biomass for high-value
products [52]." Keeping this in view, research is now focused on finding feedstocks for
cultivation of microalgae such as municipal, industrial wastes, hydrolysates of lignocellulosic
biomass (sugarcane bagasse, cassava starch, corn powder) and saline waters (sea water and
brackish water)[53-59].

However, the utilization of lignocellulosic biomass hydrolysate as culture medium
involves intensive labour and high capital cost for pre-treatment in order to break the
lignocellulosic biomass making it economically less feasible. The conversion of any
lignocellulosic biomass to hydrolysates requires additional acid hydrolysis and neutralization
steps, adding up to the cost of media. Moreover, the hydrolysates contain components such as
acetic acid, furfural, 5-hydroxymethylfurfural (HMF) and phenolic compounds which inhibit

the growth of microalgae [56]. Further, the major monomeric sugars present in cellulosic
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hydrolysates are glucose and xylose, microalgae can readily utilize glucose but till date only
one Chlorella sp. has been reported that can metabolize xylose [60].

On the other hand, replacement of fresh water with seawater or wastewater, not only
relieves a burden on fresh water reserves, but, in the case of wastewater, it may also
significantly reduce the cost associated with nutrient consumption [61]. However, wastewater
contains high amounts of organic carbon which increases the chances of contamination and
cultures crashing in open pond systems. The above listed bottle neck can be resolved by
utilization of saline water (sea water or saline groundwater) which is an optimum and
sustainable feedstock for large scale cultivation of microalgae either in open ponds or closed
photobioreactors as freshwater supply is limited [62,63]. This in turn necessitates
bioprospecting or generation of microalgal strains capable of adapting to fluctuating and wide
range of salinity along with high biomass and lipid generation. Further, in order to reduce the
cost, biorefinery approach which integrates biodiesel production with conversion/extraction of
all the available compounds into spectrum of marketable high value compounds (omega 3 fatty

acids, bioactive compounds, etc.) without generation of waste needs to be implemented [52].

1.5 Microalgae as budding tool for arsenic mitigation

Microalgae also finds its application in arsenic bioremediation and has an edge over other
conventional technologies as it can efficiently accumulate and metabolize all the arsenic
species with adequate efficiency, generating biomass in the process that can be used as

biofertilizers and biofuels.

1.5.1 Arsenic pollution

Fate of arsenic in environment and its pernicious behaviour made it the most
controversial element since its discovery by a German alchemist Albert Magnus in 1250 A.D.
[64]. Over past decade, arsenic has been widely used in medicines, agriculture, livestock,
electronics and metallurgy which have led to worldwide contamination in aquatic ecosystems
[65]. Arsenic is a toxic metalloid having property of both metal and non-metal. On the basis of
its occurrence, it has been ranked 20", 14™ and 12" among trace elements in earth's crust,
seawater and human body respectively [66]. In nature, arsenic is widely distributed in inorganic
forms which are more toxic as compared to their organic counterparts. The major inorganic
forms of arsenic include arsenate (As V), arsenic acids (HsAsOa, HoAsO,, HAsO,?), arsenite

(As 111) and arsenious acids (HzAsOs, H,AsOs -, HAsOs”) respectively. On the other hand, the
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organic forms are resultant of arsenic combining with other carbon or sulfur containing
molecules, such as arsenobetaine (AB), arsenocholine (AC), arsenosugars, arsenolipids,
dimethylarsinate (DMA), monomethylarsonate (MMA) respectively (Fig. 1.5). Depending on
the physiological/biological conditions, arsenic can convert into different forms i.e., inorganic
or organic, and this phenomenon is termed as arsenic speciation. The solubility of arsenic in
aqueous medium mainly depends on the pH and presence of other ionic species in the
environment. Among the above mentioned forms, As (V) is the most thermostable and majorly
present in oxic environments, whereas As (l11) is prevalent in anoxic ecosystems [67]. Recent
studies have suggested the toxicity of arsenic in following order: MMA (111) > As (111)> As (V)
> DMA (V) > MMA (V) respectively [68].
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Fig. 1.5: Chemical structures of various inorganic and organic forms of arsenic.
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In current scenario, arsenic contamination in the ground waters is affecting more than
150 million people all around the world. Particularly countries in South-East Asia namely
Bangladesh, Pakistan, Nepal, India, China, Combodia, Taiwan, Myanmar are at a higher risk
[64]. Significant amounts of arsenic exposure to human body results in the development of
arsenicosis, which is the common term used for the health effects related to arsenic toxicity
such as skin pigmentation, skin cancers, internal cancers (bladder, kidney, lungs), diseases
related to blood vessels, leg and feet pigmentation, diabetes, high blood pressure, reproductive
disorders, and impairment of respiratory system (WHO 2011). Exposure to inorganic arsenic
species is associated with numerous disorders including dermatitis, keratosis, melanosis,
irritations of the skin mucous membranes, and vascular diseases such as blackfoot disease and
hypertension [66]. Therefore, remediation of arsenic in contaminated water and soil is
quintessential to reduce the degree of health risk to human kind.

In recent studies it has been reported that arsenite can bind to the sulphydryl groups of
enzymes thereby inhibiting more than 200 enzymes in human resulting in functional
impairments [69]. On the other hand, arsenate being the structural analogue of phosphate
competes with the uptake of phosphate ions by the cells. This in turn causes interference with
the normal cellular processes like oxidative phosphorylation by replacing the phosphate group

in the nucleic acid, which leads to mutations and cancer [70].

1.5.2 Bioaccumulation of arsenic by microalgae

Several conventional physico-chemical and polymer based techniques such as
oxidation, coagulation-flocculation, adsorption, ion exchange, membrane driven technologies
are reported for efficient arsenic removal [71,72]. However, the above listed conventional
methods suffer from a number of drawbacks considering the economic factors and environment
concerns, which has led to a growing interest in the development of cheaper, efficient,
environment friendly and pH independent technologies without any production of secondary
toxic and arsenic laden discards. In this regard, bioremediation techniques utilizing biological
materials (live/dead) can potentially contribute to mitigate arsenic in a sustainable and eco-
friendly manner [73]. Bioremediation mainly involves two modes; biosorption and
bioaccumulation. Biosorption is a metabolically passive process to remove heavy metals via
non-living biomass such as bio-char, fungal biomass, methylated yeast biomass, chicken
feathers, algal biomass, alginate and orange waste gel from an aqueous solution [74,75]. The
advantages of using biosorption for removal of arsenic includes; reusability of bioadsorbent,

low operating cost, specificity for heavy metals, short operational time and no production of
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arsenic laden discards or secondary toxic compounds [76]. On the other hand, bioaccumulation
is an active mechanism requiring energy from a living organism (bacteria, yeast, fungi, algae
and plant) to absorb heavy metal on to its cell surface and its subsequent transport into the
cytoplasm, which is then metabolized [73]. This technique has an additional advantage of
detoxification of arsenic compounds (arsenite, arsenate, MMA, DMA etc.), thereby reducing
the metalloid pollution in the environment.

Considering the green and renewable sources for mitigation of toxic materials,
bioremediation of arsenic using plants and algae has gained significant importance. Algae are
one of the most promising alternatives due to their high biomass production (compared to
plants), cheap availability in both fresh and salt waters, large surface to volume ratio (high
arsenic binding), no seasonal limitation, rapid metal uptake capacity, potential for genetic
engineering, eco as well as user friendly, suited for both batch and continuous culture with its
applicability in both low and high contaminated sites [75]. The biosorption of arsenic by algae
have been attributed to the presence of various functional groups present on its cell wall [75].
The carboxylic groups are the most abundant acidic functional group followed by sulfonic,
hydroxyl and amino that aids in binding of the arsenic to the cell surface of algae via
electrostatic attraction, ion exchange and complexation respectively [74]. After the adsorption,
algae uptake the arsenic inside its cellular machinery and metabolizes it. In this context,
different domains of algae (macroalgae, cyanobacteria, microalgae and diatoms) have been
extensively studied by various researchers throughout the world to remove arsenic. It is
noteworthy that various microalgae are capable of tolerating high concentrations of arsenic (up
to 2000 mg/L) showing elevated intracellular arsenic accumulation followed by its subsequent
metabolism and conversion to less toxic compounds. Studies on removal of arsenic (l11, V) by
microalgae of genre Chlorella, Scenedesmus and Chlamydomonas have known to show
maximum arsenic (I11, V) tolerance and accumulation (Table 1.1). Researchers have showed
that Scenedesmus quadricauda, accumulated more arsenic at pH 8.2 (25.23 pg/g) as compared
to pH 9.3 (8.39 pg/g) [77]. Moreover, a difference between As (V) removal in batch and
continuous cultures of Dunaliella tertiolecta has been reported [78]. Further, in case of batch
cultures of D. tertiolecta, the arsenic accumulation peaked on the 7 day (11 pg/g) and
subsequently decreased on the 42" day (7 pg/g). This was due to the death of the algal cells as
the nutrients got exhausted in the growth media with time. The above hypothesis was proven to
be true as the heat treated algal cells also showed similar arsenic accumulation (6 pg/g). On the
other hand, higher accumulation (13 pg/g) was observed in the continuous culture of the
microalga as it had more live cells [78]. Another crucial factor that affects As (V)

bioaccumulation inside live algal cells is the phosphate concentration in the growth media. It is
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also crucial to note that the arsenic toxicity, mitigation and its response to above discussed

factors can vary with the speciation of alga and its site of isolation.

Microlgae/Diatom As (111) As (V) ICs Arsenic removal References
mg/L mg/L (mg/L) (mg/g dry weight)

Dunaliella sp. - 10 - As (V) - 0.57 [79]

10 10 - As (I11)-0.27 [80]
As (V)- 0.56

D. tertiolecta - 0.002 - As (V) —0.013 [78]

D. salina 10 1000 - As (I11) - 0.37 [81]
As (V) — 2.74

- 1.12 As (V) -41.5 As (V) —0.27 [82]

Chlorella sp. 0.75 0.75 As (I11) —93.8 As (111) - 1.04 [83]
As (V) -0.57 As (V) -1.26

C. vulgaris - 1000 - As (V) - 2.7 [84]

- 200 - As (V)-45.4 [85]

50 - - As (111)- 0.53 [86]

- 1000 - 3.6 [87]

Scenedesmus - 0.75 As (V) -335 As (V)-6.33 [88]

obliquus

Chlamydomonas - 0.75 As (V) - 0.57 As (V) -10.2

reinhardtii - 180 - As (V)- 1.76 [89]

- 18 As (V)- 54 - [90]

Scenedesmus sp. 0.75 0.75 As (111) —196.5 As (I11) —0.61 [91]
As (V) —20.6 As (V) -0.76

S. quadricauda 0.03 - - As (111) - 0.03 [77]
100 - - As (I11) - 42.3

Nannochloropsis sp. 12.9 - - As (I11)- 2.01 [92]

Table 1.1: Summary of arsenic (lIl, V) removal (mg/g dry cell weight) and ICsy by various
microalgae reported in the literature.

1.6 Mechanistic insights into algal omics and its role in augmenting TAG accumulation

Omics world majorly comprises of four major components: genomics, transcriptomics
(mRNA-transcription), proteomics (proteins-translation/ post translation) and metabolomics
(metabolites) as depicted in Fig. 1.6 [93]. Importance of omics technologies have proven their
eminent role in biological and biomedical applications by underpinning key regulators in
disease progression and ‘tailoring therapies. Recently, these omic technologies have been
applied to understand algal biology and genome due to their prominent role as renewable
energy sources. Algal system offers an advantage as the existing omics are well-developed for
unicellular organisms which can be directly applied to it [94]. Omics studies strive to analyze
entire class of molecules which can play a vital role in underpinning key elements (genes/
proteins/metabolites) regulating microalgal growth, lipid accumulation, resistance to predators
and settlement traits [94]. Understanding the above mentioned traits can expedite the economic

feasibility of algal oils. Gaining in-depth knowledge of either one or all of the components
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could accelerate the basic understanding of TAG synthesis in microalgae in response to stress
by identifying regulatory pathways and key genes/proteins/metabolites leading to strategic

genetic engineering and strain improvement [44,95].
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Fig. 1.6: Omics techniques for increasing TAG accumulation in microalgae.

In the last decade, utilization of omic technologies to understand algal lipid metabolisms
under different stress conditions have revealed potential targets in various microalgae which
can pave path for targeted genetic engineering [93]. The detailed literature of omic
components: proteomics, metabolomics and lipidomics used in the present study along with

related technologies pertaining to algal omics have been discussed below individually.

1.6.1 Proteomics

Transcriptional profiling (mMRNA levels) represent only a brief change in the expression
of genes but many of the key regulatory pathways differ at the post-transcriptional level.
Further, the correlation between transcription and translation is known to be less than 50 %
[96]. Expression of a gene can be correlated appropriately by quantifying the level of proteins
as they not only provide the fundamental organization and pathways occurring inside a cell but
also indicate the cell’s state (healthy, stressed or apoptotic) [97]. Thus, in depth understanding
of stressed induced TAG accumulation in microalgae requires integration of transcriptomics

and proteomics approach. Quantitative algal proteomics identify and quantify the dynamics of
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protein abundance and its corresponding function both at translational and post translational
level in response to any environmental stress leading to augmentation of TAG. Various
techniques used to quantify the proteome including classical two-dimensional (2D/DIGE) gel
electrophoresis and liquid chromatography (LC) based methods such as isotopic labelling and
label free methods followed by mass spectroscopy (MS) [98]. LC based technologies have an
edge over the conventional 2D as they can overcome the shortcomings of throughput and low
coverage of extreme pH, hydrophobic, low abundance proteins [98]. With the advent of nano-
HPLC (High-performance liquid chromatography) systems combined with improved MS (high
accuracy and resolving power), thousands of protein abundances can be identified and
quantified [99]. Stable isotope labelling techniques primarily tag the proteins with **C, **N, ¥ O
and then analyze using LC-MS or LC-MS/MS thereby increasing the precision and accuracy of
quantification [99]. Recently, iTRAQ (isobaric tags for relative and absolute quantification) has
been used to quantify proteomic changes in algal systems which are robust and easy to use
[98]. Nevertheless, ITRAQ system has disadvantages such as underestimated ratios, expensive
labelling and limited dynamic range [98]. Label free techniques, on the other hand are
inexpensive, rapid with wider dynamic range and broader proteomic coverage [99]. The two
major label free quantification methods are spectral counting (number of MS/MS spectra) and
MS ion intensity (peak area). A brief representation of proteomics workflow is depicted in Fig.
1.7.
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Fig. 1.7: Workflow of proteomics analysis for microalgal samples.
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The proteomics studies carried out of various microalgae under different stress
conditions reported in the literature are listed in Table 1.2. The proteome of different
microalgal species under nitrogen deprivation showed an upregulation of acyl carrier proteins
(ACP), malonyl-CoA:ACP transacyclase, lipid droplet surface protein (LDSP), ACCase, MAT,
enoyl-acyl carrier protein reductase (Fab 1), trans-2 enoyl CoA reductase, the four condensing
enzymes involved during fatty acid synthesis (KAS, HD, ENR) and DGAT. On the other hand,
a decline in the levels of AMP activated kinase (AMPK), fatty acid catabolism (acyl CoA
dehydrogenase) and stearoyl-ACP desaturase was recorded. AMPK inhibits the ACCase
activity by phosphorylating while stearoyl-ACP desaturase catalyzes the formation of oleoyl
ACP form stearyl-ACP [95,100-106]. The proteomic studies also revealed decline in the
proteins involved in the photosynthesis, chlorophyll and carotenoid synthesis respectively
[95,100-104,106,107]. However, an upregulation in the TCA cycle proteins, glycolysis
enzymes, ATP synthase and nitrate reductase were observed [101,103,108,109]. The above
proteomic results indicated redirection of carbon and energy flux towards the TAG
accumulation under nitrogen deplete conditions.

Apart from changes in the proteome of microalga in response to nitrogen stress, other
environment stimuli has also been investigated including effect of coper, lipid mutants, light
intensity/inoculum size and heterotrophic mode (Table 1.2). Due to the availability of C.
reinhardtii starchless and lipid mutants, the alga been most exploited for studying changes in
expression of proteins [96,107,110,111]. Most of the responses reported in these lipid mutants
were similar to the observations obtained under nitrogen starvation such as activation of
glycolysis, TCA, heat shock, ATP synthase, fatty acid biosynthesis proteins while decrease in
the abundance of ribosomal, photosynthetic, nucleotide synthesis proteins. However, few
differences in protein expression were also reported such as increase in thiamine metabolic
process in starchless mutant of C. reinhardtii (sta 6) as compared to wild type (cw15) [110].
Elevation in the expression of two main proteins involved in thiamin biosynthesis
(hyroxylmethyl pyrimidine phosphate synthase and thiazole biosynthetic enzyme) indicated
decrease in carbon fixation and sugar synthesis by the mutant strain as thiamine plays a vital
role in intermediary carbon metabolism [110]. Further, Choi et al. reported an increase in 3-
methyl-2-oxobutanoate hyroxymethyl transferase in ethyl methane sulfonate (EMS) of
Scenedesmus obliquus indicating an escalation in pantothenate biosynthetic pathway thereby
increasing the synthesis of coenzyme-A and metabolism of proteins and fats resulting in
accumulation of lipids inside the microalga [112]. The effect of salt stress on the proteomic
profile of Chlorella vulgaris studied by Li et al. reported an increase in Mao-C like protein

(modulates fatty acids), Spp30 like protein (transports lipid to Golgi for packaging), profiling
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(maintains cell’s structure integrity) and glycine rich like proteins (forms an independent
structure within the extracellular matrix to assist in proper cell wall assembly) resulting in
overall increase in lipid accumulation [113]. Interestingly, they also reported an increase in 60S
ribosomal protein L5 and 40S ribosomal protein S12 which was contradictory to the nitrogen
depletion assisted lipid accumulation in microalgae. The possible reason for this could be an
increase in these ribosomal proteins promotes the functional restructuring of protein synthesis

in C. vulgaris under salt stress.

Microalgae Media Method used for References
analysis
Nitrogen depletion
Chlorella vulgaris BBM GeLC/MS [105]
BBM [114]
Watanabe media + 2DE/MALDI-TOF [115]
NaCl
C. protothecoides Basal medium [116]
Watanabe medium [102]
Chlamydomonas TAP [98]
reinhardtii [117]
[118]
Chlorella sp. FC2IITG BG-11 2D and iTRAQ [119]
Phaeodactylum F/2 + Si medium LC-MS/MS [106]
tricornutum
Nannochloropsis oculata Artificial seawater [95]
enriched with f/2
medium
Nannochloropsis Artificial seawater 2DE/MALDI-TOF [108]
oceanica IMET1 medium
Neochloris oleoabundans BBM LC-MS/MS [120]
Phaeodactylum F/2 + Si medium NanoLC-MS/MS [101]
tricornutum
Dunaliella parva F2 iTRAQ [104]
Copper stress
C. protothecoides | BCM+ 10g/L glucose | 2DE/MALDI-TOF |  [121]
Salinity
C. reinhardtii TAP GeLC/MSMS [122]
Dunaliella salina 1M NaCl LC-MS/MS [123]
Lipid mutants
Scenedesmus dimorphus BBM 2DE/MALDI-TOF [112]
Tisochrysis lutea Walne’s medium [107]

Table 1.2: Proteomics studies on microalgal strains cultivated under stress conditions.
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1.6.2 Metabolomics

Metabolome is the qualitative and quantitative collection of all low molecular weight
compounds such as amino acids, carbohydrates, nucleotides, organic acids, energy compounds,
fatty acids, lipids, vitamins responsible for maintaining cell’s biological processes [124]. These
compounds or preferably called metabolites are the products of cellular regulatory processes
and their evaluation can shed light into cell’s response towards any environment stimuli [125].
Measurement of metabolites does not require organism’s genomics information and thus can be
an ideal omics tool for depicting cellular response of any non-model organism. However,
accurately measuring the metabolites profile of an organism exposed to different environment
cues is cumbersome due to wide variation in the chemical properties including polarity,
solubility, volatility, ionic charge and molecular weight [125]. To combat this scenario, various
techniques to quantify metabolome of an organism have been developed such as capillary
electrophoresis mass spectroscopy (CE-MS), gas chromatography- mass spectroscopy (GC-
MS), liquid chromatography- mass spectroscopy (LC-MS), nuclear magnetic resonance
(NMR), Fourier transform ion cyclotron resonance- mass spectroscopy [124]. Among these,
MS combined with chromatography is the most widely used technique in metabolomics as it is
rapid, sensitive, selective but it shows laboratory variation, requires expensive reagents and
derivatization of samples. On the other hand NMR is less sensitive than MS but at the same
time is more robust, non-destructive along with high throughput and reproducibility and
minimal sample preparation requirements [124,126]. In the thesis, NMR based metabolomics
was done and the overview of the steps involved is depicted in Fig. 1.8.
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Fig. 1.8: Steps involved in a NMR based metabolomics study.
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Recently metabolomics has been applied to identify biochemical targets triggering lipid
accumulation in various microalgae (including cyanobacteria) and diatoms on exposure to
different conditions (Table 1.3). The documented differentially expressed metabolites under
various stress conditions (nitrogen, salinity, heavy metal) complemented the existing
knowledge of the transcriptomics and proteomics data. In case of nitrogen deprivation, an
increase in the levels of citrate, malate, succinate, fructose 1, 6 biphosphate, glucose 6
phosphate, isocitrate, 2-oxoglutarate while decrease in amino acids (phenylalanine, tryptophan,
aspartate, arginine, glutamine, proline, ornithine, citrulline and aspargine) indicated activation
of glycolysis, depression of protein synthesis and concomitant increase in lipid accumulation
inside microalga [118,125,127]. Further, Wase et al., reported an increase in trehalose a non-
reducing disaccharide which helps in stabilizing cellular membranes and proteins maintaining

cell’s integrity [118].

Microalgae Cultivation media Limitation/mode Reference

Chlamydomonas reinhardtii TAP Nitrogen depletion [127]

[118]

Chlamydomonas sp. JSC4 Modified Light + nitrogen depletion [128]

Bold 3 N medium = - -
Salinity + nitrogen depletion [4]
C. reinhardtii TAP Salinity [122]
Chlorella vulgaris LC Oligo medium Nitrogen depletion + [129]
cadmium stress

C. sorokiniana BG-11 Inoculum size [130]

Scenedesmus obliquus - [131]
Synechocystis sp. PCC6803

Anabaena sp. PCC7120
Schizochytrium sp. - - [132]
Pseudochoricystis ellipsoidea A5 Nitrogen depletion [125]

Table 1.3: Details of metabolomics studies carried on different microalgae.

Interestingly, the metabolic profile of C. vulgaris altered under simultaneous nitrogen
deprivation and cadmium stress showing an increase in the free amino acids (proline, valine,
isoleucine, sarcosine, phenylalanine, methionine) which could be due to microalga’s defense
mechanism against cadmium [133]. Sarcosine, glycine, valine, thioproline, methionine,
phenylalanine, glutamine and ornithine help in the complexation of heavy metal on microalgal
cell membrane while glutathione aids in the synthesis of phytochelatins which quench the

reactive oxygen species (ROS) generated due to heavy metal stress [134]. Proline is a well-
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known osmoregulatory molecule playing a vital role in scavenging free radicals as well as
stabilizer and electron sink alleviating side effects caused by heavy metal on microalgae [135].
Likewise, an increase in metabolites playing a crucial role in augmenting TAG accumulation
(ethanolamine, glycerol, glycerol 3-phosphate, acetyl Co-A, 3 phosphoglyceric acid, 2-
ketoglutaric acid) was reported while studying effect of salinity, light intensity, 6-benzyl amino
purine and butylated hyroxyanisole) on different algal species [128,136-138]. The above
discussed studies on the metabolic profiles offer a snapshot of various biomarkers for
increasing TAG accumulation thus opening potential targets for metabolic engineering and also

improving the basic understanding of the systemic response.

1.6.3 Lipidomics

Lipidomics is a branch of metabolomics to identify and differentiate classes of lipids as
well as the molecules that interact with these lipids [139]. Both LC-MS and chemometric
methods combined with multivariate analysis are the most widely used techniques for carrying
out lipidomics [139]. Characterizing the dynamics in the lipidomic in response to different
environmental cues can help not only in understanding the lipid metabolism of microalgae but
may also inform manipulation of the lipid yield and profile to achieve desirable results for
favorable biofuel production metrics [140]. To date, only few studies have characterized
changes in the lipidome in response to various stress conditions such as temperature, salt, and
nutrient depletion. These studies identified few lipid biomarkers including free fatty acids,
hardero porphyrin, phosphatidyl glycerol, 1,2 diacyl glycerol-3-0-4°- (N,N-trimethyl)-
homoserine, TAG, cholesterol, sulphoqunovosyl diacylglycerol, lysosulphoqunovosyl
diacylglycerol, digalactosyl diacylglycerol and lysodigalactosyl diacylglycerol that
increased/decreased in order to adapt to the given environmental stress in various microalgae
(Nitzschia closterium f. minutissima; C. reinhardtii, N. oceanica IMET1, Dunaliella tertiolecta,
Chloromonas, Chlamydomonas nivalis) respectively [111,116,139,141,142].

Additionally, a few studies have characterized the integral proteins attached with lipid
droplets that aid in oil globule formation and interaction with other organelles [143]. Among
the integral proteins, the presence of oleosin (structural protein) and caleosin (calcium binding
lipid body protein) have been reported in various green algae including C. reinhardtii, D.
salina, H. pluvialis, C. variablis, Coccomyxa sp. C-169, Chlorella, N. oceanica, N. gaditana,
N. granulata, and N. salina [143-151]. Most of these studies have been identified and
functionally characterized Major Lipid droplet protein (MLDP) and LDSP. MLDP, a 28 kDa

hydrophobic protein was shown to provide integrity to the lipid droplets by interacting with
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tubulins while its suppression (~ 60 % reduction in MLDP gene expression) resulted in 40 %
increase in lipid droplet size with concurrent reduction in lipolysis [145,151]. Interestingly,
increases in lipid droplet size did not increase the overall TAG accumulation inside the
microalga. On the other hand, LDSPs are actively involved in formation and stabilization of
lipid droplets as their expression was directly proportional to accumulation of TAGs [150],
underscoring the potential value in such lipidomic approaches. However, this microalgal field
is still in its infancy and further detailed studies are imperative for identifying potential
biomarkers that could be exploited for enhancing lipid yield in microalgae for biofuel

production.

1.7 Gene technology approaches to increase the TAG accumulation in microalgae

Transgenic - microalgae are gaining focus due to their potential to provide researchers
with the opportunity to reconstruct and remodel the microalga’s lipid biosynthetic pathways to
examine and develop high TAG accumulating phenotypes. In recent years, microalgae have
been successfully transformed using various genetic tools such as random integrative selection
marker and homologous recombination (HR)-mediated DNA incorporation and RNA silencing
via electroporation and biolistic transformation [152]. Microalgae can be transformed either in
the nuclear, chloroplast or mitochondrial genomes depending on the type of gene/construct to
be expressed or deleted [153].

There are four major routes to increase lipid production in microalgae proposed to date:
(a) enhancing flux and/or biosynthetic rate of fatty acid metabolism, (b) inhibiting competing
carbon pathways (e.g. starch synthesis) (c) improving energy efficiency and carbon uptake and
(d) reducing TAG catabolism. To date, most of the recombinant studies for increasing lipid
accumulation in microalgae have targeted enhanced flux wvia overexpression of lipid
biosynthetic genes; ACCase was the first gene to be overexpressed (3-4 fold) in diatom C.
cryptica and then in Navicula saprophila, though neither case resulted in an increase in TAG
accumulation [154,155]. Similar efforts have been made in other microalgal strains (C.
reinhardtii, P. tricornutum) by overexpression of other lipid accumulating genes such as
DGAT isoforms (DGAT2-1, DGAT 5), KAS IlI, FAS (fatty acid synthase) enzymes, and ME,
while RNA silencing of DGAT2-4 resulted in ~ 30-50 % increase in lipid content
[153,155,156]. Apart from these lipid genes, thioesterase has been overexpressed in the nuclear
genomes of P. tricornutum, and C. reinhardtii, which did not result in increase in fatty acid
synthesis, but significantly increased the C12-C14 fatty acids [153]. However, recently, the

overexpression of fatty acid- ACP thioesterase in C. reinhardtii resulted in an increase in the
22



total lipid by 14-15 % [157]. Moreover, overexpression of LPAAT (from Brassica napus) and
GDPI (S. cerevisiae) in C. reinhardtii resulted in an increase in total fatty acids by 17.4 % and
23.6 % as compared to non-transformed cells [158]. Further, knockout of a multifunctional

lipase gene resulted in 3-fold higher lipid accumulation in T. pseudonana [153].

Besides this, an attempt has been made to block the competing starch synthesis
pathway. AGPase or isoamaylase deletion in C. reinhardtii resulted in higher TAG content
compared to wild type strains under nitrogen deplete conditions [155]. However, this increase
in lipid accumulation was minor compared to starchless mutants of the respective microalgal
strain, indicating alternative pathways may be upregulated in engineered strains, thus requiring
a thorough knowledge of the regulatory metabolic pathways for successful metabolic
manipulation [159]. Further, disrupting the primary carbon pathways can lead to low biomass
generation, thus knockdown rather than knockout of lipid catabolism pathways can be a viable
alternative. The above approach has been evaluated in model lipid accumulating diatom (T.
pseudonana) in which a predicted hydrolase (Thaps3_264297) responsible for breakdown of
lipid was knocked down using antisense and RNAI approaches. The deleted mutant showed
2.4-3.3 fold higher lipid accumulation under silicon deficiency as compared to wild type
without compromise in growth [160]. In a recent study, overexpression of an E2- conjugating
enzyme (Cr UBC2), which has homology to a yeast and Arabidopsis MMS2/UEV) in C.
reinhardtii increased the lipid content by 20 % as compared to wild type. E2-conjugating
enzyme is crucial for transferring ubiquitin and ubiquitin like protein to substrates and actively
involved in DNA repair and DNA damage tolerance. These results suggested that a protein
substrate of CrUBC13-CrUBC2 polyubiquitination is involved in lipid accumulation [161].

Although the above-mentioned genes boosted the lipid accumulation in respective
microalgal strains, the results vary from species to species i.e. one target may be effective in
one microalgal strain but fail to increase fatty acid synthesis in another strain. It is also worth
pointing out that it is not unusual for researchers to use lipid extraction and gravimetric analysis
or lipophilic dyes such as Nile Red or BODIPY (boron-dipyrromethene) along with
fluorometry to measure TAG content. Results from this approach do not always correlate well
with actual lipid content. This scenario calls for the identifying and exploiting universal lipid
triggers that could substantially boost the TAG production without inhibiting cell growth. This
can be achieved by integrating the omics data of all the prospective high lipid accumulating

strains under various stress conditions.
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1.8 Thesis objectives and outline

The main objective of the thesis is to study the stress induced TAG accumulation in a
novel halotolerant and heavy metal tolerant oleaginous microalgal strain using various
biochemical and biophysical techniques.

Photosynthetic microalgae represent a viable alternative to plant-based fuels due to their
high biomass and oil productivity, year round production, marginal use of agricultural land, no
requirement of any herbicide/pesticide treatment and biofixation of atmospheric as well as
excess CO, emissions. However, several techno-economic reports suggest mass scale
microalgal cultivation for biofuel production is still at its.infancy in comparison to land based
energy crops. The commercial scale up barriers towards economical and sustainable operations
includes high lipid productivity achievement, fresh water resource and nutrient availability,
CO; supply, process stability and downstream product development. Bioprospecting of high
biomass and lipid accumulating strains capable of growing in low cost feedstocks such as
saline waters and waste waters contaminated with heavy metals can provide a gigantic leap
towards reduction of both the cost and sustainability challenges for biodiesel production. Algal-
omics techniques have the potential to unravel key metabolic engineering targets for enhancing
the lipid productivity. Keeping the above prospects in mind, the specific objectives of the thesis

are as follows:

1. To bioprospect novel indigenous high biomass and lipid accumulating microalgal
strains capable of growing in sea water.

2. To elucidate the molecular halotolerance mechanism of Scenedesmus sp. using
integrated omics approach.

3. To assess the robust growth and lipid accumulating characteristics of Scenedesmus
sp. cultivated in natural sea water using small scale custom built photobioreactor.

4. To delineate the differential metabolic responses of Scenedesmus sp. during arsenic
(11, V) mitigation.
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CHAPTER 2

Bioprospecting of novel indigenous high biomass and lipid accumulating

microalgal strains capable of growing in sea water

2.1 Introduction

Microorganisms such as algae that can grow in the absence as well in presence of salts
are designated as halotolerant. These halotolerants have a great metabolic flexibility to cope
and adapt to high saline environments. They do this by accumulating high amounts of organic
osmotic solutes to maintain the osmotic balance [162]. On exposure to salinity, microalgal cells
restore turgor pressure by eliminating Na*, accumulating K™ while maintaining the intracellular
level of Ca?* constant. Accumulation of metabolites such as glycerol, fructose, sucrose and
trehalose maintains osmolality while charged molecules, including proline and glycine betaine
readjust the osmotic equilibrium by preventing water loss [163-166]. These readjustment of
metabolites inside microalgae generates stress resulting in the accumulation of large amounts
of either carbohydrate or lipid content for its survival. Indeed, the carbohydrate accumulated in
the microalgal cells is also an important energy source, and can be potentially used for
bioethanol, biohydrogen and bioplastic generation [167,168]. However, the strains with
incremented lipid contents that act as an energy reserve material, for cell survival are
appropriate and novel candidates for producing algal oils/biodiesel [164,169]. Understanding
the mechanism of enhanced lipid accumulation in response to salinity stress would provide
useful insights on key regulators of lipid metabolism and-halotolerance in microalgae, leading
to targeted pathway engineering for reducing biodiesel production costs.

Hence, bioprospecting of indigenous high biomass and lipid accumulating microalgal
strains capable of growing in sea water was carried out. A total of four strains (Scenedesmus sp.
IITRIND2, Chlamydomonas debarayna IITRIND3; Chlorella sp., and Tetradesmus obliquus
IITRIND1) were isolated and three acquired strains (Chlorella minutissima, Scenedesmus
abundans and Chlorella pyrendosia) were evaluated for their salt tolerance by cultivating in
artificial sea water (ASW). Among the microalgae tested, Scenedesmus sp. IITRIND2 capable
of growing in 100 % ASW was selected for further analysis. The potential of the novel

microalga was analysed by estimating its biomass and lipid productivity. The results were
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correlated to the alterations observed in the cell size, photosynthetic pigments, lipid,
carbohydrate, protein content, stress related enzymes and osmolytes under saline conditions to
shed light on the adaptive strategies of microalga. The results unveil that the metabolic
alterations occurred in the microalga when exposed to sea water salinity commensurate with

enhanced TAG accumulation, with an acceptable fatty acid profile for biodiesel production.

2.2 Materials and Methods

2.2.1 Materials

Chemicals used for the preparation of ASW and modified Bold’s Basal media (BBM)
were purchased from Himedia, India. All solvents and reagents were HPLC grade. Nile Red
stain (9-diethylamino-5H-benzo[a]-phenoxazine-5-one) was procured from Invitrogen (Life
Technology, USA).

2.2.2 Algal strains isolation and identification

Microalgae samples were collected from fresh water lake nearby Gas Station, National
Highway 73, Bhagwanpur, Uttarakhand, India (30.0694 ‘N, 77.8400 °E). Pure culture was
isolated by serial dilution and then streaking the samples on to 1 % modified BBM agar plate
and incubated for 6 days at 27 °C with illumination of 200 mmol/m/s (Light/Dark cycle of 16 h
:'8 h). Modified BBM had the following composition (g/ L): NaNOgz 0.25; KH,POy,, 0.175;
K;HPO,, 0.075; MgSO,-7H,0, 0.075; NaCl, 0.025; CaCl,.2H,0, 0.025; FeSO,.7H,0, 0.005;
EDTA, 0.005; and 1mL of micronutrient stock including: H3BO3, 2.86; ZnSO,4.7H,0, 0.222;
CuS04.5H,0, 0.079; MnCl,.4H,0, 1.81; Co (NO3),.6H,0, 0.041 and Na,M00O,.2H,0, 0.390
[105]. The initial pH of the medium was adjusted to 7.4. Single colonies were picked and
inoculated in 5 mL BBM with illumination of 200 mmol/m/s (Light/Dark cycle of 16 h: 8 h),
130 rpm at 27 °C. The morphology of the isolated microlagal strains were visualized under
light microscope (EVOS-FL, Advance Microscopy Group, AMG, USA, 60X) and by Field
Emission Scanning Electron Microscopy (FE-SEM Quanta 200 FEG). For FE-SEM
visualization, the microalgal cells were fixed by incubating them overnight with 2.5 %
glutaraldehyde solution at 4 °C in dark. The fixed cells were then dehydrated by sequential
treatments with 10-100 % ethanol and then were gold spurted to make them electro conductive
for FE-SEM analysis.
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For microalgal identification, genomic DNA was isolated, amplified using ITS1F
(TCCGTAGGTGAACCTGCGG), ITS4R (TCCTCCGCTTATTGATATGC) primers and
sequenced. The sequences obtained were compared with the sequences available at NCBI
(National Center for Biotechnology Information) database (http://www.ncbi.nlm. nih.gov),
using BLAST (Basic Local Alignment Search Tool) programme. To determine the taxonomic
position and relationships of novel microalgae isolates, phylogenetic tree was constructed using
MEGA 6 software [170].

2.2.3. Microalgae strains procurement

Chorella minutissima (MCC-27) was obtained from the Centre for the Conservation and
Utilization of Blue Green Algae, Indian Agricultural Research Institute, New Delhi. Chlorella
pyrenoidosa (NCIM 2738) and Scenedesmus abundans (NCIM 2897) were procured from

National Chemical Laboratory, Pune.

2.2.4. Assessment of salt tolerance by the microalgal strains

Microalgal strains were cultivated in 500 mL shake flasks containing 100 % ASW (35
g/L sea salts) for 10 days at 27 °C, with photoperiod of 16:8 h (light- dark cycle) and irradiated
with 6 white light (2000 lux). The modified ASW had the following composition (g/L): 6.29
MgSO,-7H,0, 1.0 NaNQg, 0.07 KH,PO,, 0.18 NaHCO3, 0.098 KBr, 0.026 H3BO3, 0.003 NaF
with 4.66 MgCl,:6H,0, 1.02 CaCl,-2H,0, 28.65 NaCl, 0.67 KCI as sea salts respectively. The
DCW (g/L) was estimated by drying the wet biomass at 80 °C for 12 h in hot air oven. The
microalga that adapted to 100 % ASW with maximum biomass was selected for further

analysis.

2.2.5. Effect of salinity on microalgal growth and lipid accumulation

To understand the salinity stress resistance and to evaluate the maximum lipid
productivity of microalga in brackish water and sea water, cells were grown in four different
salinity percentages of ASW (0, 30, 50, 80 and 100 %) corresponding to 0, 10.5, 17.5, 28 and
35 g/L of sea salts respectively. The rest of the nutrients concentrations were kept constant and
pH was set at 7.2-7.4. Modified BBM was used as control. The detailed recipe of the different
ASW (%) is listed in Table 2.1. The cultures were grown in 1 L shake flasks in triplicates with
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every 6 h on a magnetic stirrer.

initial inoculum of 0.02 g/L (fresh weight) for 7 days. All flasks were shaken periodically after

Sea salts Artificial sea water
concentration (g/L) | 0% 30 % 50 % 80 % 100 %
MgCl,.2H,0 0 1.39 2.33 3.73 4.66
CaCl,.2H,0 0 0.32 0.51 0.82 1.02
NaCl 0 8.59 14.33 22.9 28.65
KCI 0 0.2 0.34 0.54 0.67

Table 2.1: Sea salt concentrations for different % of Artificial sea water.

Microalga growth phases were monitored after every 24 h by measuring the absorbance
at 750 nm. The dry cell weight (DCW; g/L) was calculated by harvesting the cells and washing
the pellet thrice with distilled water to remove any medium components. The pellet was then
dried at 80 °C for 24 h and gravimetrically measured to obtain the DCW. Biomass productivity
(mg/L/d) was calculated by the following equation:

Final DCW — Initial DCW
Cultivation time

Biomass productivity =

Lipid accumulation in the microalga cells was estimated by Nile red staining. Briefly,
microalga cells suspension (200 uL) was incubated with 10 pl of Nile red (0.1 mg/mL in
Dimethyl sulfoxide) for 15 min in dark. The cell suspension was then centrifuged; the pellet
obtained was washed thrice with 0.9 % saline solution and visualized under a fluorescent
microscope (EVOS-FL, Advance Microscopy Group, AMG, USA) equipped with the RFP
light cube. The total lipid was extracted using modified protocol of Bligh and Dyer [171].
Briefly, the biomass was harvested by centrifugation at 6500 g for 5 min and then air dried.
Dried biomass was treated with liquid nitrogen, and then suspended in chloroform: methanol
(2:2; viv) for 3 h with continuous stirring. The cell suspension was then centrifuged at 6500 g
for 5 min and the supernatant was aspirated into a new screw cap glass tube. Sequential
treatment with 0.034 % MgCl,, 0.2 N KCI and artificial layer (chloroform: methanol: water;

3:47:48; viviv) each followed by centrifugation and then aspirating out of lower layer. The

28



lower layer was then vacuum dried and total lipid was gravimetrically weighed. Lipid

productivity (mg/L/d) was calculated using the following equation:

(Final total lipid concentration — Initial total lipid concentration)

Lipid productivity =
IPIC procuctivity Biomass productivity

2.2.6 Estimation of fatty acid profile and biodiesel properties

Total extracted lipids were transesterified using 6 % methanolic H,SO,. Briefly, total
lipids (5 mg) were mixed with 4 mL methanolic H,SO,4 and incubated in water bath for 2 h at
80 °C. The transesterified product was cooled to room temperature. FAMESs were recovered by
mixing with hexane and then washed with distilled water (2:1; v/v). The mixture was
centrifuged at 6500 g for 5 min and FAME phase was aspirated in screw cap glass tube for
FAME analyses by GC-MS (Agilent technologies, USA) equipped with DB-5 capillary column
(30 mm, 0.25 mm, 1um) and FID detector. Helium (ImL/min) was used as carrier gas. 1uL of
FAMEs sample was injected at 250 °C in split less mode. Temperature profile was
programmed by adjusting initial temperature of column oven at 50 °C for 1.5 min then ramped
t0180 °C (25 °C/min) for 1 min followed by 220 °C (10 °C/min) for 1 min and finally to 250
°C (15 °C/min), held for 3 min [172].

Biodiesel physical properties such as saponification value (SV; mg KOH), iodine value
(IV; gl,/100 g), cetane number (CN), degree of unsaturation (DU; % wt), long chain saturation
factor (LCSF; % wt), cold filter plugging point (CFPP; °C), high heating value (HHV; MJ Kg
1, kinematic viscosity (KV (vi); 40 °C in mm? s™), density (p; 20 °C in g ecm™) and oxidative

stability (OS; h) were estimated according to the empirical formulas listed below [41].

SV =Y 560 (% FC) /M

IV=> 254 DB * % FC/M

CN =46.3 + 5458 / SV — (0.255 * 1V)

DU (%) = MUFA + (2 * PUFA)

LCSF = (0.1 *C16) + (0.5 * C18)

CFPP =(3.417 * LCSF) — 16.477

HHV =49.43 - 0.041 (SV) - 0.015 (1V)

In (KV) = -12.503 + 2.496 * In (¥ M) — 0.178 * ¥ DB
Density = 0.8463 +4.9/> M+ 0.0118 * > DB
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OS =117.9295 / (wt % C18:2 + wt % C 18:3) + 2.5905

Where M = molecular mass of each fatty acid component, DB = number of double bonds, FC =
% of each fatty acid component, MUFA = weight % of monounsaturated fatty acids, PUFA =
weight % of poly unsaturated fatty acid.

2.2.7 Cell size and biochemical composition estimation

Cell diameters of approximately 100 microalga cells were measured using ‘Image J
1.49a’ software. Nitrogen content was estimated using an CHNS elemental analyser (Thermo

Fischer, USA) and the crude protein was estimated using the following equation:
Crude protein (%) = 6.25 X Total Nitrogen (%)

Total carbohydrate in the lipid extracted microalga sample was estimated using phenol
sulphuric acid method [173]. Briefly, 100 mg of de-oiled biomass was treated with 2 % H,SO4
and autoclaved at 120 °C for 30 min. The cell suspension was then centrifuged and the
supernatant obtained was used for estimation of sugar using glucose as standard. Pigments
(chlorophyll a, chlorophyll b and carotenoids) in microalgae cultivated in ASW after 7 days
(early stationary phase) were estimated using the protocol of Lichtenthaler, 1987 [174]. Briefly,
2 mL of cell suspension was harvested and then the pellet was suspended in 2 mL methanol (99
%) and incubated for 24 h at 45 °C. The supernatant obtained was used for estimation of

pigments (umol) using the following equations:

ng
E) = 16.72A4655 — 916Ags, 4
Chlorophyll b (Chlb; ;—gL) = 34.09A45,; — 15.28Agcc

Chlorophyll a (Chla;

Caratenoids (;—gL) = (1000A,,, — 1.63 Chla — 104.9 Chl b) /221

Pigments in the extract
Pigments in extract (umol) = 8 (ng)

Molecular weight of the pigment

where standard molecular weight of chlorophyll a, chlorophyll b and carotenoids were 894, 908
and 570 respectively.
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2.2.8 Stress metabolites estimation

Reactive oxygen species (ROS): To estimate the ROS content in microalgae after 7 days grown
in ASW, changes in H,0, and lipid peroxidation were recorded. For H,O, estimation, the cell
suspension was centrifuged at 6500 g for 10 min. Cells pellet (0.5 g) was homogenised with 0.1
% trichloroacetic acid (TCA; w/v) and centrifuged at 10,000 rpm for 10 min. Supernatant (0.5
mL) obtained was mixed with 0.5 mL phosphate buffer saline (PBS), (10 mM, pH 7.0) and 1 M
potassium iodide (KI; 1mL). Absorbance at 390 nm was recorded and H,O, content was
expressed as | mol H,O, g/ fresh weight (FW) [175]. The calibration curve was obtained with
H,0, (0 nmol to 14 nmol) standard solutions prepared in 0.1 % TCA. Lipid peroxidation was
determined in terms of thiobarbituric acid reacting substance (TBARS) as per the protocol
described by Tian and Yu [176]. The standard curve for TBARS estimation was generated by
using 1,1,3,3 tetraethoxypropane (TMP) in 0.2-20 uM concentration range. TBARS content

was measured by using the following formula:

TBARS content = (A532 — A600) x EC

where A is the absorbance in nm and EC is the extinction coefficient (155 X 10° M/cm).

Osmolytes: Total proline in microalgal cells grown in ASW was extracted using 3 %
sulphosalicyclic acid and estimated using L-proline as standard. The optical density was
measured at 520 nm for determining total proline content in cells [177]. Glycine betaine
content in microalga was estimated by taking 0.5 g cells and homogenizing it in equal volumes
(200 pL) of deionised water, 2N H,SO,4 and incubating in ice bath for 2 h. After incubation,
200 pL of cold KI-1, reagent (1.75 g I, and 2 g KI'in 10 mL deionized water) was added and
kept at 4 °C overnight. The cell suspension was then centrifuged at 10,000 g for 10 min and the
supernatant was removed. Betaine periodic complexes formed were extracted by 1-2 dichloro-
ethane and incubated in dark for 2 h. Absorbance at 365 nm was measured using glycine
betaine as standard [178].

Antioxidant enzymes: To estimate the antioxidant potential of microalga grown in ASW,
enzymatic extract was prepared and activities of catalase (CAT) and ascorbate peroxidase
(APX) were recorded [179]. CAT activity was determined by mixing 0.1 mL enzymatic extract
with 3 % H,0, and phosphate buffer (pH 7.0) and measuring the change in the initial rate of

disappearance of H,O, at 240 nm for 150 s using an extinction coefficient of 0.0436 mM/cm.
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APX activity was estimated by monitoring changes in absorbance at 290 nm and using an
extinction coefficient of 2.8 mM/cm [179]. One unit of the enzyme activity was defined as the
enzyme amount that transforms 1pmol of the substrate per minute. H,O, and ascorbate were
used as substrate for measuring CAT and APX activities. The enzyme specific activity(U/mg

protein) was calculated using the following equation:

o o {(change in O.D. per min) X 1000 X reaction volume} _
Specific activity = - X Protein Conc.
EC X Volume enzyme in sample

Where reaction volume was 3 mL, volume of enzyme in sample was 0.1mL respectively.

2.2.9 Statistical analysis

The experiments were carried out in triplicates (n=3) and all the data values are expressed as

mean = standard deviation.

2.3. Results

2.3.1 Microalgae isolation and identification

Microalgal strains were isolated from extreme environments such as wastewaters, heavy
metal contaminated sites etc. and from sites faced with variable ecological conditions have
highly adaptive capacity. These microlagal strains have also enhanced lipid accumulation
which is a survival strategy. In light of these insights, the isolation of microalgae was carried
out from a fresh water lake that receives discharges from local sewage treatment facilities along
with presence of faeces and urine from domesticated animals and is expected to face variable
ecology. A total of four species were isolated and were initially characterized based on
morphology using light and FE-SEM microscopy (Fig. 2.1). The phylogenetic relationship was
constructed on the basis of the 18s rRNA gene and designated as strains of Scenedesmus sp.
IITRIND2 (GeneBank Accession no: KT932960), Tetradesmus obliquus HTRIND1
(GeneBank Accession no: MH058029) Chlamydomonas debarayana IITRIND3 (GeneBank
Accession no: KT932961) and Chlorella sp. (Submitted) respectively.
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Isolate 1

Isolate 2

Fig. 2.1: Light microscopic (Panel I) and FE-SEM images (Panel I1) of isolated microalgal

strains.
2.3.2 Selection of salt tolerant microalgal strain

The isolated microalgal strains and three other reference strains (C. minutissima, C.
pyrendiosia and S. abundans) were cultivated in ASW for a period of 10 days. Among the
tested microalgal strains, Scenedesmus sp. IITRIND2 efficiently adapted to 100 % ASW along
with maximum DCW (1.12 + 0.04 g/L) and thus was selected as prospective microalgal strain

for further analysis (Table 2.2).
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Microalgae DCW (g/L) in ASW
Scenedesmus sp. IITRIND2 1.12+0.04
Tetradesmus obliquus IITRIND1 0.12+0.01
Chlamydomonas debarayana IITRIND3 0.54+0.02
Chlorella sp. No growth
Chlorella minutissima 0.36 £0.01
Chlorella pyrendiosia No growth
Scenedesmus abundans No growth

Table 2.2: Dry cell weight (g/L) of microalgae cultivated in ASW.

BLAST analysis of the isolate 1 sequence showed 99 % similarity and 91 % query
cover to Scenedesmus sp. PSV1 (Genebank Accession no. JX519261). The isolate was
identified as Scenedesmus sp. and the phylogenetic tree was drawn (Fig. 2.2). The evolutionary
history was inferred using the Neighbour-Joining method. The optimal tree with the sum of
branch length = 0.57388747 is shown in Fig. 2.2. The evolutionary distances were computed
using the Tamura 3-parameter method. Evolutionary analyses were conducted in MEGAG. The

genus Scenedesmus comes under the family Scenedesmaceae.

+ Scenedesmus sp. ITRIND2 (Genebank Accession no. KT932960)

ax | Pectinodesmus sp. GB1d
Scenedesmus regularis CCAP 276/53.
Scenedesmus pectinatus CCAP 276/51.
Pectinodesmus pectinatus strain CCAP 276/40
Scenedesmus sp. Antarctic

|— Scenedesmus vacuolatus strain UTEX252

1wl Graesiella emersonii CCAP 211/8P.

| Scenedesmus sp. UTEX 2168

b Chlamydomonas moewusii CCAP 11/64A.
Scenedesmus sp. MKB

Scenedesmus rotundus isolate CFR 1-06/F\W
0s I}! Scenedesmus IITRIND2
41| Scenedesmus sp. PJ-2012 strain SP-01

Chlamydomonas moewusii
Scenedesmus costatus SAG46.88.
—— Scenedesmus rubescens strain CCALA 475
o0 L— Chlorella emersonii CCAP 211/55.
Scenedesmus bajacalifornicus strain ZA1-5
Scenedesmus dimorphus voucher GUBTSD 001

®3

B0

0.2

Fig. 2.2: The phylogenetic tree of Scenedesmus sp. IITRIND2.
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2.3.3 Estimation of dry cell weight, biomass productivity and lipid productivity

The adaptability of Scenedesmus IITRIND2 grown in ASW with different salt
concentrations (0, 30, 50, 80 and 100 %) was tested by evaluating dry cell weight (DCW),
biomass productivity, lipid productivity and compared with BBM grown microlagal cells. An
increase in optical density (O.D.) was recorded in microalgal cells grown in ASW as compared
to BBM with distinct growth phases, as shown in Fig. 2.3A.
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Fig. 2.3: (A) Growth curve (B) Flask cultures (C) Biomass productivity (mg/L/d) and lipid
productivity (mg/L/d) of Scenedesmus sp. ITRIND2 grown in different percentages of artificial
sea water (ASW) and BBM for a period of 7 days.
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Comparison of Scenedesmus sp. IITRIND2 with other reported freshwater microalgae
grown in different salinities showed an increase in lipid content (%) and lipid productivity
(mg/L/d) as to Dunaliella sp., Nannochloris oleobundans, Scenedesmus sp. CCNM 1077, C.
sorokiniana HS1 and Chlorococcum sp. RAP 13 (Table 2.3).

Microalgae Growth | Salt | DCW | Lipid Biomass Lipid Reference
media (o/L) | (g/L) | content | productivity | productivity
(%) (mg/L/d) (mg/L/d)
Nannochloris | Enriched 0.2 1.5 14.8 123.3 56.4 [163]
oleobundans natural
sea water
Scenedesmus BG-11 234 0.4 33.1 19 6.3 [180]
sp. CCNM (two
1077 stage
culture)
Chlorella Deep sea - 2.40 Bl 7 176.6 140.8 [181]
sorokiniana water
CYl (20%0)
C. sorokiniana | BG-11 30 1.0 35.6 101 36 [182]
HS1
Desmodesmus BG-11 20 1.8 40.4 200.2 67.1 [165]
abundans
Chlorococcum | Natural - 2.3 20.8 152.5 31 [183]
sp. RAP 13 sea water
(50 %)
Scenedesmus | Artificial 0 1.35 27.4 235.7 52.9
sp. IITRIND2 | seawater | 10.5 1.44 38.9 205.7 80 This
175 | 132 | 409 188.6 771 study
28 1.21 45,5 172.9 78.6
35 1.12 51.8 160 82.8

Table 2.3: Comparison of DCW (g/L), lipid content (%), biomass productivity (mg/L/d) and
lipid productivity (mg/L/d) obtained from different fresh water microalgae species grown in

salt media.

2.3.4 Fatty acid profile and biodiesel properties

The GC-MS profile of Scenedesmus sp. ITRIND2 cultivated in different percentages of
ASW revealed the presence of muyristic acid (C14:0), palmitic acid (C16:0), 7, 10-
hexadecadienoic acid methyl ester (C16:2), 7, 10, 13-hexadecatrienoic acid methyl ester
(C16:3), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) as major fatty acids
(Fig. 2.4). Data showed that linolenic acid (C18:3) was present only in 0 % and 30 % ASW
grown cells while no traces of arachidic acid (C20:0) was in 100 % ASW. Increasing salinity
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from 0- 35 g/L resulted in an increase in the proportion of oleic acid from ~ 29 % to 54 % (Fig.
2.4).
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Fig. 2.4: FAME profile (%) of Scenedesmus sp. IITRIND2.

Physical properties of biodiesel derived from of Scenedesmus sp. ITRIND2 cultivated
in ASW and BBM were shown to be in compliance with ASTM D6751-02 (American Society
for Testing and Materials) and EN 14214 (European Committee for Standardization) biodiesel
standards (Table 2.4). The microalga irrespective of the % ASW showed better physical
properties as compared to Jatropha oil methyl ester (JME) and Palm oil methyl esters (PME)
(Table 2.4). lodine value (67 g 1,/100g) with cetane number of 62 was recorded in biodiesel
derived from cells cultivated in 100 % ASW. The biodiesel derived from these cells showed the
high heating value of 42 MJ/Kg, cold filter plugging property of -4 °C, kinematic viscosity of
3.7 mm?%/s and oxidative stability of 19 h. The density of the derived biodiesel ranged between
0.87-0.88 g/cm®.
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Standard fuel Control Avrtificial sea water Plant oil
Physical parameters methyl esters
properties ASTM EN BBM 0% | 30% | 50% | 80% | 100% | JME | PME
D6751- | 14214
02
Saponification - - 110 123 137 127 137 163 96.55 | 49.56
value
(mg KOH)
lodine value - 120 44 61 | 65.68 | 60.25 | 54.67 67 - -
(g 1,/1009) (max)
Cetane number | 47 min 51 85 75 70 74 72 62 54 61
(min)
Degree of - - 51 62 68 65 64 75 - -
unsaturation
(% wt)
Long chain = - 2 2.4 3.7 3.3 3.1 3.6 - -
saturation factor
(% wt)
High heating : - 44 44 | 42.84 42 43 41.73 - -
value (MJ/kg)
Cold flow = <5/ -9.5 -82 | -38 -5.1 -6.1 -4.2 -2 13
plugging -20
property (° C)
Kinematic 1.9-6.0 | 3.5- 3.99 3.99 | 3.99 4.02 4.65 3.72 433 | 4.43
viscosity (mm?/s) 5.0
Density (g/cm®) - 0.86- 0.87 0.88 | 0.88 0.87 0.87 0.88 0.88 0.87
0.90
Oxidative - >6 22 16 13 20 23 19 3.86 16.5
stability (h)

Table 2.4: Comparison of biodiesel physical properties of Scenedesmus sp. HITRIND2
cultivated in different percentages of ASW and BBM with ASTM D6751, EN 14214 fuel
standards and plant oil methyl esters (Jatropha and Palm).

2.3.5 Changes in cell size and biochemical composition

The holistic effects of ASW (%) on Scenedesmus sp. IITRIND2 were analysed by

estimating changes in cell size, carbohydrate, protein, lipid content and photosynthetic

pigments. Data showed positive correlation between cell size and different percentages of ASW
(Fig. 2.5 and Fig. 2.6).
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Panel I Panel 11

0% ASW

30 % ASW

50 % ASW

80 % ASW

100 % ASW

Fig. 2.5: Scenedesmus sp. IITRIND2 viewed under a light microscope (Panel 1) and
epifluorescent microscope with 450-500 nm excitations (Panel Il) -cell’s stained with Nile red
cultivated in different percentages of ASW on the 7™ day. Scale 50 um bars.
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Fig. 2.6: Changes in the (A) cell size (um), total protein (%), total carbohydrates (%) and total
lipid content (%) (B) chlorophyll a, chlorophyll b and carotenoids.

The maximum cell size (12.58 £ 1.62 um) was obtained in 100 % ASW which was 2.7
fold higher than BBM (4.62 + 1.2 um) as shown in Fig. 2.6A. Nile red staining of algal cells
grown in different percentages of ASW showed bright yellow lipid droplets encompassing
three fourth of the cell (Fig. 2.5). A gradual increase in lipid content (%) was observed with an
increase in ASW (%) attaining maximum (51.78 + 3.23 %) lipid content in 100 % ASW
followed by 80 % > 50 % > 30 % >0 % > BBM respectively (Fig. 2.6A). Escalation in lipid
content (%) was accompanied by a decrease in protein content with maximum protein content
in BBM (40.62 + 4.2 %) while the carbohydrate content ranged between ~ 26 to 33 %
respectively.

The changes in photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids)
in Scenedesmus IITRIND?2 cultivated in different percentages of ASW are shown in Fig. 2.6B.
Data revealed an apparent decline in chlorophyll a, chlorophyll b and carotenoids with an
increase in percentage of ASW, demonstrating inhibition of its photosynthetic apparatus.
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Chlorophyll a and chlorophyll b contents were majorly affected as reduction of ~ 4 fold and ~ 6
fold was recorded, while ~2.5 fold decrease in carotenoids was recorded in cells cultivated 100
% ASW.

2.3.6 Changes in stress metabolites

The effects of ASW with different concentrations of sea salts on intracellular ROS
(H20,, lipid peroxidation), osmolytes (proline, glycine betaine) and antioxidant enzymes (CAT,
APX) of Scenedesmus sp. IITRIND2 are illustrated in Fig. 2.7. The levels of H,O, and TBARS
progressively increased with the concentration of sea salts in ASW, subsequently reaching
38.75 + 4.5 uM/gFW and 0.18 + 0.03 pM/gFW which was 10.33 and 4.74 fold higher than
BBM (p < 0.05). The content of proline (177.52 = 7.09 uM/gFW) and glycine betaine (4.54 +
0.05 puM/gFW) were also enhanced with sea salts in ASW. These cells also showed an
elevation in antioxidant enzymes (CAT and APX) activities (Fig. 2.7). CAT activity ranged
from 8.19* 10° + 0.12 to 47.7 * 10% + 1.78 U/mg protein while the activity of APX ranged from
0.43 + 0.02 to 2.54 + 0.04 U/mg protein when the concentration of sea salts was increased from
0-35 g/L respectively (p<0.05).
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Fig. 2.7: Changes in H,O,, lipid peroxidation (TBARS), osmolytes (proline and glycine
betaine) contents and antioxidant enzymes (CAT and APX) activity in Scenedesmus sp.
[ITRIND2.

41



2.4 Discussion

Microalgae can alter their metabolic infrastructure in order to acclimatize to various
adverse environments ranging from physiological to operational. Most of the stress conditions
lead to increase in lipid accumulation in the form of TAGs which serve as feedstocks for
biodiesel production. However, large scale production of microalgal derived biodiesel requires
a copious, low cost natural growth medium and high lipid accumulating strain. Bioprospecting
of novel microalgal strains capable of growing in waste/sea water along with enhanced lipid
accumulation can fulfil the above two criteria paving a path for commercialization of algal oils.
Scenedesmus sp. HITRIND2 had both these economically viable properties and is therefore an
ideal candidate for biodiesel production. Gaining insights on the lipid accumulation and the
halotolerance mechanism of this microalga on cultivation in ASW with different concentration
of sea salts (0-35 g/L) is imperative to advance in both applied and basic research of algal
biodiesel.

Given this interest, changes in DCW, lipid content, cell size, biochemical composition,
photosynthetic components and stress metabolites of Scenedesmus sp. IITRIND2 were
evaluated at high concentrations of sea salts using ASW and compared to BBM. Data showed
higher DCW and biomass productivity in ASW cultivated cells compared to BBM, which
could be due to the presence of sodium bicarbonate (0.18g/L) and high sodium nitrate (1 g/L)
in the ASW medium as compared to BBM (Fig. 2.2A-C). It is well documented that nitrogen is
essential for microalgae growth and its scarcity reduces its cell division, leading to low biomass
[184]. Further, the addition of sodium bicarbonate in the medium enhances the cell division and
metabolic rate of microalgae along with efficient uptake of nitrogen and phosphorous from the
medium [185]. However, an increase in the concentration of sea salts in ASW from 0-35 g/L
led to decrease in the DCW and biomass productivity, which suggests that high salinity
inhibited the growth of microalgae (Fig 2.2C). Similar observations have been reported in
various freshwater microalgae such as Nannochloropsis sp., Desmodesmus abundance and
Scenedesmus sp. CCNM 1077 when the concentration of NaCl was increased periodically
[165,180,186]. A profound increase in lipid content and lipid productivity were observed in
ASW cultivated cells, which could be due to salinity (alkaline pH stress) and sodium
bicarbonate (dissolved inorganic carbon), triggering the accumulation of neutral lipids
preferably as TAGs inside cells (Fig. 2.5). Elevation of dissolved inorganic carbon (DIC) in the
medium results in an increase in RuBisCO enzyme which converts 3-phosphoglycerate, a
substrate for the biosynthesis of carbohydrate and fatty acid in plants and microalgae [185].

Fatty acid composition and biodiesel physical properties of Scenedesmus sp. ITRIND2

cultivated in ASW with different sea salt concentrations were evaluated to enumerate the
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vehicular quality of biodiesel. Microalgae contain both saturated (SFAs) and unsaturated fatty
acids (MUFAs, PUFAs) which get altered by both biotic and abiotic factors. Investigation
showed that salinity stress caused by cultivating microalgae in ASW led to 1.72 fold increase in
oleic acid (C18:1) which requires large amounts of NAD(P)H and oxygen. This eases the
effect of reactive oxygen species (accumulated due to salinity stress), aiding in cell survival.
Increase in MUFA’s content was recorded in ASW cells as compared to BBM cells (Fig. 2.4).
This increase in MUFA’s content in microalgae cultivated in ASW maintains fluidity of cell
membrane [187]. Similar results have been reported in different microalgae grown under
salinity [164,165]. The biodiesel obtained from Scenedesmus sp. ITRIND2 grown in ASW
abided by ASTM D6751-02 and EN 14214 standards (Table 2.4). The iodine value (67.179
1,/1009) obtained in cells cultivated in 100 % ASW was lower than 120 g 1,/100g making the
biodiesel less susceptible to gum formation. High cetane number in ASW cultivated microalgal
cells as compared to BBM will ensure less ignition delay, smooth engine run, better cold start
properties with reduced gaseous and particulate emissions from the obtained biodiesel [188].
Cold filter plugging point (CFPP) of the biodiesel derived from microalgae grown in ASW was
lower as compared to plant oil methyl esters (Jatropha and Palm oil) suggesting its usage at low
temperatures. CFPP is directly dependent on the content of SFA’s mainly C16:0 and C18:0 as
these two fatty acids precipitate faster under low temperatures [189]. The cultivation condition
(BBM or ASW) did not affect the kinematic viscosity and density as both were within the set
range of acceptable standards for biodiesel (Table 2.4). The oxidative stability of microalgae
cultivated in 100 % ASW was higher than plant oil methyl esters indicating a long shelf life of
the obtained biodiesel. The results obtained corroborated that Scenedesmus sp. IITRIND2 can
accumulate high lipid content (%) with vehicular quality under varying saline conditions which
makes this microalga versatile and promising feedstock for biodiesel production.

The effect of ASW on morphology and biochemical composition of Scenedesmus sp.
[ITRIND2 was analysed by estimating changes in cell diameter, lipid content, carbohydrate
content and protein content (Fig. 2.6A). Increase in cell size could be due to arrest in cell
division which also increased the cell weight leading to an overall increase in biomass
productivity. The results were in line work done on a halotolerant strain, C. sorokiniana HS1
cultivated in BG-11 media supplemented with 30 g/L NaCl [182]. On exposure to salinity,
movement of water occurs inside the microalgae cells which maintain its osmotic turgor by
inflow of K*, outflow of Na* and CI" ions, thereby regulating cells osmotic potential as shown
in Fig. 2.8 [178,190].
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Fig. 2.8: Schematic representation of physiological and metabolic changes occurring in

Scenedesmus sp. HITRIND2 when grown in ASW.

Increase in concentration of sea salts from 0-35 g/L in ASW significantly enhanced the
lipid content (27 % to 51.78 %) as shown in Fig. 2.6A. Microalgae grown in salinity stress up
regulates Glycerol-3-phosphate synthesis causing accumulation of glycerol, which is a
precursor for TAGs [4]. This increase in lipid content (%) was accompanied by loss of protein
content due to degradation of proteins (Fig. 2.6A). Under salinity stress, microalgae down
regulate genes involved in the primary metabolism and protein synthesis while up regulate
autophagy genes [191].

Decrease in photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids) of
Scenedesmus sp. IITRIND2 cultivated in ASW with different concentrations of sea salts was
recorded as compared to BBM, which was also evident from the colour of cultures showing
yellowish green colour in ASW as compared green colour in BBM (Fig 2.2B). This
investigation for the first time delineated a comparison among the stress metabolites (ROS),
osmolytes (proline and glycine betaine) and antioxidant enzymes (CAT and APX) in
Scenedesmus sp. IITRIND2 cultivated under ASW with different sea salt concentrations and
BBM (Fig. 2.6). The results displayed an increase in H,O, and TBARS content in cells with

increase in sea salts from 0-35 g/L in ASW. This increase in ROS was positively correlated
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with the increase in osomolytes and antioxidant enzyme activity (Fig. 2.7). Microalgae when
cultivated under environmental stress conditions produce various reactive oxygen species
(ROS) such as H,0,, superoxide (O2) and hydroxyl (OH") that causes oxidative damage to the
cells. ROS target lipids, carbohydrates, proteins and DNA, which leads to the cell’s demise
[179]. TBARS is the product of lipid peroxidation and indicates presence of free radicals [192].
In order to mitigate the oxidative stress, microalgae had developed efficient intrinsic
antioxidant systems involving enzymes such as superoxide dismutase (SOD), catalase (CAT)
and ascorbate peroxidase (APX) [176]. SOD is responsible for scavenging ROS enzymatically
by converting O, to H,O,. CAT then decomposes H,0, to O, and H,O while APX degrades
H,0, with ascorbate oxidation to dehydroascorbate and water [176]. Along with the generation
of antioxidant enzymes, microalgae also starts accumulating osmolytes mainly proline and
glycine betaine, which-maintains the osmoregulation by scavenging excess ROS and re-
establish cellular redox balance, cytosolic pH buffer and stabilize subcellular structures as
depicted in Fig. 2.8 [179].

However, before deploying sea water for commercial cultivation of salt tolerant
microalgae, high quality geological assessment of saline waters needs to be investigated to
understand the strengths and limitations of this source. Moreover, in order to grow microalgae
on commercial scale, large amounts of sea water is essential which requires establishment of
proper water pumping systems which can pump the on-shore sea water continuously to the
cultivation facility [193]. One major issue with pumping systems is biofouling of the sea water
that can increase the contamination risk of microalgal cultures. Thus, the collected sea water
has to be processed to remove any sediments/microorganisms before using it for algal

cultivation.

2.5 Concluding remarks

In conclusion, a novel halotolerant microalga Scenedesmus sp. IITRIND2 was isolated
from a fresh water lake. This microalga efficiently acclimatized to 35 g/L sea salts by
enhancing its lipid content in order to counter salinity stress. The fatty acid profiles and
biodiesel physical properties analysed of the microalga were found to abide with ASTM D6751
and EN 14214 biodiesel standards, signifying its applicability in diesel engines. The utilization
of such halotolerant strains cultivated in saline/sea water can reduce the fresh water footprint
and nutrient consumption leading to suitable biodiesel production. Thus, the mechanistic
insights gained on Scenedesmus sp. IITRIND2 halotolerance by systematic monitoring of the

changes in ROS, osmolytes and antioxidant enzymes can open new avenues to identify hyper
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salt responsive gene(s), which can be optimized for further lipid enhancement and biodiesel

production via metabolic engineering concepts.
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CHAPTER 3

Elucidation of molecular halotolerance mechanism of Secendesmus sp. using

integrated omics approach

3.1 Introduction

Halotolerant microalgae have the inherent ability to adapt and thrive in high saline
conditions. Salt tolerance by microalgae is a complex phenomenon involving a plethora of
morphological, biochemical and molecular changes that aid its survival. These microalgae can
regulate their ion transport, modulate membrane permeability, synthesise asmolytes and other
stress related molecules that restore the turgor pressure and protect the cell from salinity
generated ROS thereby adjusting to the new environment [194,195]. Understanding the
halotolerance mechanism of high lipid accumulating microalgal strains could be helpful in
gaining insights into the key regulatory pathways that could facilitate future metabolic
engineering strategies to leverage successful manipulation of non-halotolerance oleaginous
microalgae into high lipid accumulating halotolerant strains. In chapter 2, the halotolerance
characteristics and high lipid accumulation capability of a novel fresh water microalga
Scenedesmus sp. HITRIND2 when cultivated in ASW was established. However, to gain
mechanistic insights into the halotolerant nature of the microalga, integrated omics studies are
imperative. Recent advances in “algal-omics” approaches such as transcriptomics, proteomics,
metabolomics and lipidomics on various microalgal strains under different conditions have
strengthened our understanding of microalgal’s response and adaptation towards both biotic
and abiotic stress [93].

The current chapter aims to delineate the metabolic pathway interactions and regulatory
genes involved in adaptation of Scenedesmus sp. IITRINDZ2 in response to full strength sea
water as compared to fresh water. The physiological changes in the microalga in response to
salinity has been studied using electron microscopy, zeta potential and extracellular
polysaccharide (EPS) formation. The study also sheds light into the changes in the membrane
permeability by analysing key intracellular ions (Na*, Mg*? Ca*? and K*). Furthermore,
differential protein, metabolite and lipid expression profiles were obtained using metabolomics,

proteomics and lipidomics approaches.
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3.2 Materials and Methods

3.2.1 Microalga cultivation

The microalga was adapted to ASW (35 g¢g/L) and no salt water (O g/L, control) as
described in Chapter 2, section 2.2.4. These adapted cultures were then used for further studies

by cultivating them in 250 mL Erlenmeyer flasks for a period of 7 days.

3.2.2 Analysis of intracellular metal ions and zeta potential of microalga

The intracellular ions (Na*, K*, Mg*?, Ca*?) of the cultivated cells in ASW and control
medium were extracted using the standard protocol by Wiley et al. and estimated using
Inductive coupled plasma mass spectroscopy (ICP-MS; Perkin Elmer, ELAN DRC-e) [196].
The zeta potential (ZP) of the microalgal cells were obtained at 25 °C and in suspension under
an applied electric field of 80 mV using a Zeta sizer (Nano-Z590, Malvern) and measured

using Malvern software (v 7.03).

3.2.3 Electron microscopy of microalgal cells

To analyse the size and surface of microalgal cells, FE-SEM was used as detailed in
Chapter 2 (section 2.2.2). Transmission electron microscopy (TEM) was performed to visualize
the ultrastructure of microalgal cells. Briefly, microalgal cells grown in control and ASW were
harvested on the 7" day and then fixed overnight with 2.5 % glutaraldehyde and 2 %
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 °C. The cell pellets were then
washed thrice with 0.1 M phosphate buffer and post fixed with osmonium tetraoxide (OsQy) in
Soresen phosphate buffer (0.05 M buffer, 1 % OsO4 and 0.25 M glucose) for 1 h and again
washed twice with distilled water. The cells were double stained with uranyl acetate and lead
citrate solution for 12 h and then visualized under TECNAI 200 KV TEM (Fei, Electron
Optics).

3.2.4 Proton NMR based metabolomics and lipidomic analysis

The metabolites from the microalgal cells cultivated in ASW and control were extracted
using the protocol of Zhang et al. [197]. In detail, the cultures were harvested on the 7™ day,
washed thrice with double distilled water and lyophilized. These lyophilized cells (40 mg) were
then grounded using liquid nitrogen using 1 mL of 20 % methanol. The process was repeated
twice and the supernatant was pooled and lyophilized. Phosphate buffer (0.1M, pH 7.4) was

then added to the supernatant and again lyophilized. To these samples 550 upL of D,O
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containing a chemical shift indicator (4,4-dimethyl- 4-silapentane- 1- sulfonic acid (DSS), 0.5
mM) was added and the proton (*H) CPMG (Carr—Purcell-Meiboom-Gill) NMR spectra were
then acquired on a 800 MHz NMR spectrometer (Bruker Avance I11) equipped with Cryoprobe.
The NMR spectral data were processed using standard Fourier Transformation (FT) procedure
in Bruker software Topspin-v2.1 (Bruker-BioSpin GmbH, Silberstreifen 4 76287 Rheinstetten,
Germany). Prior to FT, each free induction decay (FID) was zero-filled to 64 k data points,
multiplied by an exponential window function and a line broadening function of 0.3 Hz was
applied. Chemical shifts in the spectra were identified and assigned for various metabolites
using commercial software Chenomx NMR Suite (form Chenomx Inc., Edmonton, AB, Canada
containing 800 MHz chemical shift database).

The multivariate data analysis was performed by integrating the NMR spectra of 6
biological replicates of each culture and normalized against the internal standard (DSS) at 0
ppm to obtain NMR based metabolite profiling. Prior to multivariate data analysis, all the 1D
'H CPMG NMR spectra were manually phased, baseline corrected and referenced internally to
the methyl resonance of lactate at 6 1.3102. The data was then reduced into spectral bins (0.03
ppm width) using Pathomx [198]. The spectral bins were then imported into Metaboanalyst
(v3.0) software and scaled to Pareto variance for multivariate analysis [199,200]. Principal
component analysis (PCA) was performed and metabolites of discriminatory significance were
identified in the 2D loading plot based on their coefficient score > £+ 0.1. The discriminatory
metabolites were further tested for statistical significance using student T-test in
Metaboanalyst. The relative metabolic changes were assessed using univariate (or box-plot)
analysis and unsupervised hierarchical clustering using Ward linkage was further employed to
create the heat map consisting of 25 metabolite entities (with p < 0.001) that had the highest
impact on separation of the different treatment groups.

For lipidomic analysis, the total lipid was extracted using modified Bligh and Dyer
method as detailed in chapter 2 (section 2.2.5). The total extracted lipids (10 mg) were mixed
with 550 pL deuterated chloroform (CdCls) and *H NMR spectra was recorded using a 500
MHz NMR spectrometer. The chemical shifts in the spectra were identified and assigned using
earlier published studies [201]. The intensity/fold change in their respective peaks was obtained
using Burked Topspin 3.5.

3.2.5 Proteomic analysis using mass spectrometry

For protein extraction, ASW and control grown cultures were harvested on the 7" day

by centrifuging at 4000 g for 10 min at 4 °C. The fresh cell pellets (1g) were washed thrice
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with chilled double distilled water and then frozen at - 80°C. The total protein was extracted
using the protocol of Guarneiri et al. with minor modifications [105]. In detail, the cell pellets
were grounded in liquid nitrogen and then solubilized on ice in 1 mL lysis buffer [50 mM Tris;
pH 8.0; 150 mM NaCl, 1mM DTT, 10 % glycerol supplemented with 1X complete protease
inhibitor cocktail (Roche Diagnostics Corporation, Indianapolis, IN)]. The process was
repeated twice and then the supernatant was collected for proteomic analysis. Total soluble
protein content was quantified using Bradford assay, and 20 ug of soluble protein was resolved
using 12 % SDS-PAGE. Three biological replicates were used for protein isolation and all
subsequent analysis. The selected protein bands were then manually excised, washed with 25
mM ammonium bicarbonate in 40 % acetonitrile, followed by reduction with 10 mM DTT in
20 % acetonitrile for 20 min at room temperature. The gel bands were then alkalyated with 40
mM: iodoacetamide in 20 % acetonitrile for 15 min at room temperature. Gel bands were
further washed as described above followed by incubation in 100 % acetonitrile on ice for 10
min. The proteins were then digested overnight at 37 °C by adding 25 ug/mL trypsin (Gold
trypsin, Promega, Madison, WI) in 30 mM acetonitrile. The resulting peptide mixture was
acidified by addition of 0.1 % formic acid for 20 min and then dried in vacuum concentrator,
and stored at -20 °C for further processing.

Protein identification was performed on MALDI @ (Matrix-assisted laser
desorption/ionization)-TOF (Time of Flight) -MS/MS (Autoflex, speedTM, Bruker Dalton,
Bremen, Germany). Equal volumes of trypsinised protein fragments and matrix solution
containing 5 mg/mL of a-cyano-4 hydroxycinnamic acid (Sigma Aldrich Fluka, St. Louis,
MO) were prepared in trifluroacetic acid 40 (600 uL MS grade water, 400 uL acetonitrile, 0.6
uL trifluroacetic acid). The mixture was spotted on a 96 well MALDI-TOF-MS target plate
with peptide mix (Brukers Dalton, Bremen, Germany) as calibrant. The spectra were collected
from 300 shots per spectrum over m/z range of 700-3000 and the peak list was generated using
Flex analysis 3.0. All the MS/MS spectra were searched against Chlorophyta protein database
from the Uniprot website (http://www.uniprot.org/taxonomy/3041) using the MASCOT search
engine version 2.2 (Matrix Science) with MW, pl, modifications including carboamidomethyl
(C) and variable modifications such as Acetyl (N term), Oxidation (Met) and a mass tolerance
of £ 0.1 Da. Mascot score greater than 55 was considered significant. The functional annotation

and grouping of the identified proteins was done using QuickGo, EMBL-EBI

(https://www.ebi.ac.uk/QuickGO/) using Explore biology tool. The up/down regulation of

proteins were estimated using Image J 1.4a software.
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3.2.6 RNA extraction and Quantitative gRT-PCR analysis

Total RNA was extracted from the harvested microalgal biomass using RNeasy plant
mini kit (Qiagen) according to the manufacturer’s instructions. The yield of the total RNA
extraction was measured by NanoDrop spectrophotometer (Biorad). For Real time polymerase
chain reaction (RT-PCR) analysis, first strand cDNA synthesis was carried out from 1 ug of
total RNA using Verso cDNA synthesis kit (Thermo Scientific) according to manufacturer’s
instructions. Gene-specific primers were designed to amplify fragments of 100-150 bp in length
(Table 3.1). Scenedesmus sp. a-actin primers were used to demonstrate equal amounts of
templates and loading. RT-PCR was carried out on Eppendorf RT-PCR. Gene expression was
calculated using 2 ' method [ACt= Ct (target gene)- Ct (house-keeping gene)] where Ct is

the cycle number at which the fluorescent signal rises statistically above the background [202].

Gene Forward Reverse Tm GC | Reference
Beta ACATCAAGGAGAAGCTGGCCTA | ATGTCGACGTCGCACTTCATGA | F 54.8 | 50 -
Actin R 548 | 50
DGAT- GGCACAAAGAGTTCACCGT ACAAACTTGAGGTGGGTG F51.1 | 53 [203]
3280 R 48 50
ME- CCCTCTCGTTCCCCTTTTATT AAATGCTGACGCAAGTGTGA F524 | 48
3137 R49.7 | 45
P5CS GTGCCCATCGGCGTGCTTCT CGTGTTGCGCTTGATGTGGC F57.9 | 65 [204]
R55.9 | 60
BC TGCGATTGGGTATGTGGGGGT ACCAGGACCAGGGCGGAAAT F56.3 | 57 [205]
R55.9 | 60
SAD TCCAGGAACGTGCCACCAAG GCGCCCTGTCTTGCCCTCAT F55.9 | 60
R57.9 | 65
PGAT GGATAAGAGCGGCACAAGGA GAAGGGCGAGATTGGAATGA F53.8 | 55 [206]
R51.8 | 50
LIP GGCCTCAAAGCCACCAGTAC GGCAGTGCACATGTTGCAG F55.9 | 60
R53.2 | 58
SS CAGGCAAGGATACATCTACTG TACTGCCCAACCATCTCATC F55.5 | 47.6 -
R56.9 | 50
AGP-L CCATGAGCAACTGCATCAAC GGTTGAGCGAGGTGGAGTT F51.8 | 50 [113]
R53.2 | 58
Psac GAACATCACCACCACCAGGA CGGTGCTTGGCTTTTAGTTIG | F53.8 | 55 [207]
R52.4 | 48
CA TGAAGGAGGGCTCTGATGAT GTTTGCGAATGAGATGGTGT F51.8 | 50 [208]
R49.7 | 45

Table 3.1: List of RT-PCR primers used in the expression analysis.

3.2.7 Compositional analysis of extracellular polysaccharide (EPS)

The EPS was extracted by harvesting the ASW and control cultures at 15000 g for 20
min, the supernatant was filtered (Whatmann, UK) twice and then concentrated to one forth
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volume on magnetic stirrer at 60 °C for 12 h [178]. The EPS was precipitated by gradually
mixing equal volume of cold methanol to the supernatant and then kept at 4 °C overnight. The
supernatant was then centrifuged at 15000 g for 30 min at 4 °C to remove methanol, washed
with absolute ethanol and then dissolved in Milli-Q water (Millipore, USA). The EPS was then
dialysed against distilled water for 24 h using 1 KD membrane to remove ions and salts. The
EPS was lyophilized and stored at -20 °C till further processing.

Total carbohydrates and proteins in the lyophilized EPS were estimated using phenol-
sulphuric method and Bradford assay respectively. Fourier-Transform Infrared spectroscopy
(FT-IR) spectra of EPS was recorded in the region of 4000-400 cm™ on a GX FT-IR
spectrometer (Perkin-Elmer, USA).

3.2.8 Statistical analysis

All the experiments were performed in triplicates (except for metabolomics which had 6
replicates) and the results have been presented as mean + S.D. One-way ANOVA followed by

T-test was done for statistically significant results with p <0.05.

3.3 Results

In the face of high salinity, halotolerant microalgae undergo a series of adaptive
changes both at physiological and molecular level. Deciphering the salinity response at both
levels is crucial not only to understand the algal physiology but also to unveil potential genome
editing targets for tailor made high lipid accumulating halotolerant microalgal strains. In this
investigation, we evaluated various physiological (ion transport, membrane potential,
ultrastructure, EPS) and molecular (metabolomics, proteomics and lipid composition)
adaptation aspects of Scenedesmus sp. IITRIND2; a prospective high lipid and halotolerant

strain for biodiesel production.

3.3.1 Salinity induced changes in intracellular ion composition and membrane potential
of Scenedesmus sp. IITRIND2

The first line of defence deployed by the microalga to adapt and thrive in high saline
environments is selective retention or exclusion of ions. Monovalent ions such as Na*, K and
divalent ions including Mg*?, Ca*? are crucial for maintaining the turgor pressure and osmotic

balance inside the cells [209]. Analysis of the intracellular ions of Scenedesmus sp. IITRIND2
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cultivated in ASW showed maximum concentration (44.7 + 0.6 mg/L) of K* which was ~ 100
fold higher as compared to control (Fig. 3.1). Interestingly, despite, high Na" concentration in
the ASW (23 g/L), its intracellular concentration was 2.8 + 0.1 mg/L, being ~ 40 fold higher
than control which suggests active extrusion of Na* from the cells against the concentration
gradient (Fig. 3.1). Earlier, salinity tolerance in D. salina, has been reported to be mediated by
up regulation of two distinct Na™ extrusion systems in the plasma membrane including a Na*
ATPase and NADH-driven electron transport Na* pump (H" ATPase pump) [210]. On the other
hand, intracellular concentration of Ca*? in ASW grown cells were only ~ 2.6 fold higher than
control cultures while no statistical difference was recorded in Mg*® concentration (Fig. 3.1).
The data suggested that K* is the major osmolyte that competed and regulated the accumulation
of toxic Na* inside the microalgal cells. Similar results have also been reported in C.
pyrenoidosa and Prasiola crispa when cultivated in high saline medium [211,212]. Further a
high K*/Na® ratio inside the cells have been reported to increase the salinity tolerance in plants

and could be the same for salt tolerant microalgae [213].
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Fig. 3.1: Intracellular concentration of ions in control and ASW cultures of Scenedesmus sp.
IITRIND2 analysed on the 7" day.

Selective K" retention in the ASW cultivated cells can alter the membrane potential for
maintaining the turgor pressure. Hence, we measured the surface zeta potential of the cells
under halotolerant conditions. The observed zeta potential of Scenedesmus sp. ITRIND2
grown in control medium was -6 mV which decreased to -12 mV in ASW cultivated cells. A
similar decrease in zeta potential has also been observed for C. pyrendosia when grown in
NaCl medium [209].
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3.3.2 Morphology and ultrastructure changes in Scenedesmus sp. IITRIND2 under

halotolerant conditions

Electron microscopy was used to visualize microalgal cells grown in ASW and
compared to control. The FE-SEM images of the ASW cultivated microalga cells showed an
increase in cell size (~12 um) as compared to control treated cells (~ 4 um) as depicted in Fig.
3.2A and B. Further, the TEM micrographs of control cell showed well organised organelles
with discernible chloroplast (Ch), nucleus (N), mitochondria (M), starch granules (S) and lipid
bodies (L) (Fig. 3.2C). On exposure to salinity, the TEM images showed disorganization in the
cellular structure with large accumulation of several lipid droplets with few starch granules and
the chloroplast was collapsed with no distinct demarcation of the thylakoids or stroma (Fig.
3.2D). The cell wall (CW) of the ASW cultivated cells was thicker (0.20 + 0.01 uM) as
compared to the control (0.12 + 0.02 uM) (Fig. 3.2C and D).

NN L R | m e
Fig. 3.2: Electron micrographs of Scenedesmus sp. ITRIND2 (A) FE-SEM of control (B) FE-
SEM of ASW (C) TEM of control (D) TEM of ASW cells on the 7 day.

3.3.3 Effect of salinity on lipids composition and EPS formation
The rearrangement of lipids particularly in membranes is crucial to protect the cells

from high salt environments. The changes in the total lipid composition under halotolerance
conditions was estimated using *H NMR (Fig. 3.3A).
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Fig. 3.3: (A) The cumulative 1D *H NMR spectra (n=3) of total lipid extracted from control
(Red) and ASW cultivated cells (Blue) (B) Changes in the EPS production (C) FTIR of EPS
extracted from control and ASW cultures of Scenedesmus sp. ITRIND2 on 7" day.

The *H NMR showed distinct peaks for different classes of lipids including PUFA,
phosphatidylcholine (PC), phosphatidylethanolamine (PE), total phospholipids (PL), TAGsS,
fatty acid residues, mono galactosyl diacylglycerol (MGDG) and »® PUFA respectively (Fig.
3.3A, Table 3.2). Interestingly, all the classes of lipids showed an increase in total lipids
extracted from ASW cultivated cells as compared control (Fig. 3.3A). The maximum increase

in TAGs (~17 fold) followed by fatty acid residues (~ 10 fold) > PUFA (~8 fold) > PL (-8
55



fold) > »° PUFA (~ 6 fold) > PE (~4 fold) > PC (~ 3 fold) > MGDG (~1.9 fold) and »° PUFA
(1.2 fold) respectively. These NMR observations corroborate well with the changes in the

ultrastructure of Scenedesmus sp. ITRIND2.

S.No. Lipids Chemical shift (ppm) Fold change

1 PUFA 2.76 (d) 8.7

2 Phosphatidylcholine 3.38(s) 3.05
3 Phosphatidylethanolamine 3.22 (s) 4.09
4 Total phospholipids 3.95 (s) 8.13
5 Triglycerides 4.12 (q)*, 4.27 (q), 5.25 (s) 17.2
6 Fatty acid residues 5.32 (m) 10.05
7 MGDG 3.88 (3) 1.9

8 Omega3 PUFA 0.85 (t)*, 0.95 (t) 6.03

Table 3.2: List of lipids along with their respective chemical shifts and fold change as
evaluated using Bruker Top spin 3.5 (* indicates the chemical shift taken for fold change

estimation).

Parallel to perturbations in the lipid composition, the presence of EPS layer around the
microalgal cell, reduces the penetration of toxic Na* and CI” ions through the cell membrane
which in turn aids its survival under salt stress [214]. Scenedesmus sp. IITRIND2 cultivated in
ASW showed a 30-fold increase in EPS production as compared to control cells (Fig. 3.3B).
Compositional analysis of the EPS from ASW cultivated cells showed ~ 4-fold increase in total
carbohydrates (20 + 0.25 mg/mL) as compared to control cells (5.2 + 0.03 mg/mL) while
negligible amount of protein was detected in both the samples. Further, to obtain structural
information, we analysed the EPS using FTIR spectroscopy (Fig. 3.3C). The spectra showed
clear transmittance at 3500-3300 cm™ indicating O-H stretching, 2915-2935 cm™ of
asymmetric C-H stretching which is common to all the polysaccharides while peak from 1000-
1200 cm™ corresponds to presence of carbohydrates [215,216]. The peak around 1640 cm™
indicated presence of mannose/galactose and peak at ~ 1400 cm™ corresponded to galacturonic
acid [214,216,217]. The characteristics peak at ~860 cm™ showed presence of a-configuration
glucose and peak at ~ 890-900 cm™ indicated presence of B-D- glucans [214]. Further, less
pronounced peaks ~ 1536 cm™ indicated absence of proteins from the EPS samples.

The compositional and structural analysis presented in the above sections point towards
the fact that Scenedesmus sp. HITRIND2 has most probably rewired its metabolic pathways in

order to tolerate the salinity stress and hence forth to accumulate high lipid content. Thus, to
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unravel its molecular responses we have adapted an integrated omics approach comprising of
metabolomics, proteomics and RT-PCR analysis as discussed in the sections below.

3.3.4 Changes in the metabolite composition of Scenedesmus sp. IITRIND2 in response to
salinity stress

In addition to the changes in the membrane permeability, halotolerant microalgae
accumulate low molecular weight compatible solutes termed as metabolites which aid in
osmoregulation, homeostatic balance and in maintaining the membrane and protein integrity
etc. [218]. The metabolite profile of Scenedesmus sp. HITRIND2 cultivated in ASW as
compared to control was analysed using *H NMR spectroscopy (Fig. 3.4A- C). The cumulative
'H NMR spectra of ASW cultivated microalgal cells identified a total of 44 metabolites
including amino acids (15), organic acids (09), sugars (05), phosphagen (02), osmolytes (03),
nucleotides (03) and others (07) respectively (Table 3.3). The intensity profiles of *H NMR
resonances showed a clear metabolite difference between control and ASW cultured cells (Fig.
3.4A). To statistically validate these differences across the two groups, multivariate analysis
was performed first using PCA (Fig. 3.4B). The PCA analysis showed clear clustering of the
six biological replicates and distinct difference between the control and ASW grown cultures
(Fig. 3.4A). The PCA loading plot also revealed the metabolites responsible for the observed
discrimination pattern (Fig. 3.4C). Data obtained from the univariate analysis was represented
using box-cumulative whisker plots along with hierarchically clustered heat maps which
showed quantitative data of significantly altered metabolites between the two experimental
groups (Fig. 3.5A and B).

57



*Sucrose

Anserine
—Formate

"
)
1
i 3

Ty-Glutamyl Phe

—Fumarate

—Sarcosine

o

(-] :

= +» Tyrosine s

z EE 2

i g s £Er § £
g INEEI 3 Ta
= 1 3+ - s
z = -I= T 2 Z=
[-- -

t 1 I

T 1 W/

7 6 BT 3 2 1
H Chemical Shift (ppm)
] 1 Sucrose .,
=] (B) 0.3 Proline 1 (C)
Betaine 3.69
] Control ® I:?:T:: E 3.99
: 0.2 ] 29
8PC/Choline T
R e B vh
> o 011 e "1
= ASW gﬂ ) l_ﬁ.z L 338 - 1° .
S s oo '] e, et ol e
S % & g 412 * . e :
A L] . q
- o 3 0.0- o, : -':i L o
] e o v, ! .".s: L
5 2 M .
¥ J. T~ s 19
366 " e, b
0.1 325 3.7 EXT)
; ] 3.8 132
131
< -0.24
a 1.47
0.5 0.0 0.5 | . | |
PC 1(82.8 %) -0.3 -0.2 -0.1 0.0 0.1 0.2
Loading 1
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interval. (C) PCA loadings plot revealing the metabolites of responsible for the discrimination
pattern, the more the metabolite is away from the origin (0,0) more it contributes in the group

discrimination.

58



Metabolite Name Assignment Chemical Relative Change
shifts (8) in in Treated cells
ppm
Amino acids
Leucine 5-CH3 0.95 (d) {
3-CH3 0.96 (d) €
Isoleucine y-CH3 0.93 ()€ l
§-CH3 1.00 (d)
Valine y-CH3 0.98 (d) N
y-CH3 1.03 (d) €
Arginine y-CH2 1.68 (m)* I
Lysine 3-CH2 1.69 (m)* U
Alanine B-CH; 1.47 (d)© \
a-CH 3.79(q)
Proline y-CH2 1.99 (m) ™1
y-CH2 2.00 (m)
Y5 B-CH2 2.06 (m)
Y, B-CH2 332 (m)¢
15 B-CH2 3.41 (dt)
Histidine C4H-ring 7.71 (d) o3
Glutamate B-CH, 2.11(m)°© l
y-CH, 2.34 (m)
Glutamine B-CH, 212 (q) <7
y-CH, 2.44 (m)°©
Sacrosine N-CHj 2.71 (s) T
Glycine a-CH, 3.56 (s) -
Tyrosine C2H & C6H 6.88 (d) € 3
C3H & C5H 7.18 (d)
Phenylalanine C2H & C6H 7.31 (m) o
C4H 7.37 (m)
C3H & C5H 7.43 (m)€
y -glutamyl- C2H, C6H & 7.3(m)°¢ 3
phenylalanine C4H
C3H & C5H 7.4 (m)
Organic acids
Lactate B-CHs 1.32 (d)© )
a-CH 4.10 (m)
Acetate CH; 1.91 (s) N
Aspartate C6H, C6H 2.8(m)¢, 2.66 l
(@)
Pyruvate y-CH3 2.4 (s) T
Glutarate B, 8- CH2 2.16 (1) {
Succinate a, B-CH2 2.39 (s) N
Citrate Y y-CH2 2.52 (d)€ -
V5 y-CH2 2.69 (d)
Fumarate CH 6.51 (s) N
Formate CH 8.44 (s) -
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Metabolite Name Assignment Chemical shifts (8) Relative Change in
in ppm Treated cells
Carbohydrates/sugar
Sucrose C10H 3.46 (t)€ ™"
Cl12H 3.55 (dd)
C13H 3.66 (s)
Cl11H 3.75 (m)
C17H & C19H 3.77 (m)
C5H & C9H 3.81 (dd)
C4H 4.04 (1)
C3H 4.21(d)
C7H 5.40(d)
a-Glucose C4H 3.39 (m) ™
B-Glucose C5H 3.45 (m) ™
C3H 3.47 (m)©
ClH 5.22 (d)
Mannose/Trehalose C1H 5.19 (d) ™
Glucose-1-phosphate C1H 5.55 (d,d) -
Phosphagen
Choline/PC N—(CHs)3 3.20 (s) {
GPC N—(CH3)3 3.22(s) N
Osmolytes
Glycerol Y5 y-CH2 3.63(d)°€
Y5 y-CH2 3.65 (d) -
Betaine N—(CHs)s 3.26(s) € l
B-CH, 3.91 (s)
TMAO N—(CHs); 3.27(5)°¢ 1
Nucleotides
Adenine C2H 8.19 (s) 1
C6H
ATP C7H 8.61(s)€ 1
C12H 8.25 (s)
C2H 6.13 (d)
NAD+ C28H 6.08 (m) N
Others
Ethanol CH3 1.17 (t) -
Acetyl choline S-(CH,), 3.2(s) T
3-hydroxy- v-CH3 1.24 (s) -
isovalerate
Acetone CH3 2.22 () -
UDP-Glucose C22H 6 (m) N
Ethanolamine N-CH, 3.13(m) T
Methanol CH, 3.34 (s) -
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Table 3.3: List of metabolites along with their respective chemical shifts and metabolic change
patterns as a consequence salt stress. Two-way ANOVA followed by post-hoc Tukey’s HSD was
conducted to determine significant (p < 0.001) metabolic changes. The up (1) and down (|)

arrows represent, respectively, increased and decreased metabolite levels.

Note: All the values of the metabolites were statistically significant with p value 0.001 respectively. For
visualization interpretation, single (1,]) and double (11,]]) and multiple arrows are used to represent relative
change in the mean value of metabolite concentration (as evaluated from their respective box-plots). “€” represents
he metabolite peak used for evaluating the quantitative difference as represented here using up (1) and down ()
arrows in the case of multiple signals/chemical shift values.
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Fig. 3.5A: The box plots showing relative abundance of some of the metabolites showing
significant variation in ASW cultures compared to control cells. In the box plots, the boxes
denote interquartile ranges, horizontal line inside the box denote the median, and bottom and
top boundaries of boxes are 25" and 75" percentiles, respectively. Lower and upper whiskers

are 5™ and 95™ percentiles, respectively.
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Among the identified amino acids, proline contributed maximum to the pool with a 10
fold increase in its concentration in ASW algal extracts as compared to control (Table 3.3). An
increase in sarcosine was recorded in ASW grown cells while the concentration of the rest of
the amino acids (leucine, isoleucine, valine, arginine, lysine, alanine, histidine, glutamate,
glutamine and phenylalanine) dropped by ~ 1.2 fold (Table 3.3). Similarly, the levels of the
organic acids (lactate, acetate, glutatrate, succinate, fumarate, aspartate) significantly decreased
in ASW algal extracts as compared to control cells (Table 3.3). However, an increase in the
levels of pyruvate (~ 1.5 fold) was observed in ASW cultures as compared to control.
Interestingly, the amount of sugars particularly sucrose peaked to 6 fold followed by a glucose
(~ 4 fold) and B glucose (~ 3 fold) in ASW cultivated cells as compared to control cultures
(Table 3.3). A 2.5 fold increase in trehalose/mannose was also recorded while no change in
glucose-1-phosphate (G-1-P) was recorded in ASW cultures (Table 3.3). Further, a significant
decrease in the levels of chloline, GPC (glycerophosphocholine) adenine, ATP, NAD" and
UDP-Glucose (Uridine Diphosphate) were recorded in ASW cultures while no change was
observed in the amounts of glycerol and betaine. However, the ASW cultures showed an
increase in the levels of TMAO (Trimethylamine N-oxide) (~ 1.5 fold) and ethanolamine (~ 1.2
fold) as compared to control algal extracts (Table 3.3).

Synthesis of osmolytes is one of the criteria for differentiating different halotolerant
microalgal species [219]. Based on the accumulation of proline, four distinct groups have been
categorised which include: (1) microalgae accumulating high proline as the major osmolyte e.g.
marine microalga, Chlorella autotrophica; (2) microalgae accumulating high proline along
with large quantity of other osmotic solutes such as sorbitol (e.g. Stichococcus bacillaris) or
aspargine (e.g. Agrostis stolonifera); (3) microalgae synthesising low proline but accumulate
other organic solutes in high amounts such as glycerol (e.g. Dunaliella sp.) and (4) microalgae
accumulating low proline along with low capacity to synthesize other osmolytes respectively
[219,220]. Based on the metabolomics results, Scenedesmus sp. IITRIND2 can be categorised
under group 2 as along with high accumulation of proline it also increased sucrose
biosynthesis. Such high accumulation of proline and sucrose have also been reported in various
algae including Synechocystis, Microcoleus vaginatus Gom., C. autotrophica, S. bacillaris,
Picochlorum and N. oleoabundans [59,218,219,221].
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3.3.5 Assessing the differential proteome response of Scenedesmus sp. IITRIND2 using
MALDI-TOF-MS/MS

Parallel to the perturbations in the metabolite levels, reorganization of gene expression
(reflected in the proteome) of the halotolerant microalga is essential for adaptation to the
altered physiological state in response to salinity stress. To this end, proteomics was applied at
early stationary phase (7" Day), to reveal the differential expression of proteins in response to
salinity stress. One dimensional (1D) SDS PAGE was sufficient to separate the differential
proteins and 24 unique protein bands based on their presence/absence, up regulation/down
regulation were excised and subsequently identified using MALDI-TOF-MS/MS against the
Uniprot Chlorophyta database (Fig. 3.6A). Among the excised bands, only 17 bands showed
mascot score above 55 and thus only these were included in the results and discussion of the
present study (Table 3.4).
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Fig. 3.6: (A) 1D SDS PAGE gel showing differential expressed proteins and the bands excised
(1-17, Mascot score > 55; a-g (Mascot score <55, *differentially expressed proteins).
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Band Identification in Protein name Function categories Theoretical Mascot | Coverage Subcellular Fold
ID [Actual MW score (%) location change
(KD)
1 AOA1D1ZZ74_AUXPR Uncharacterized protein unknown 200/207.9 57 14 unknown 35()
2 C1E424 MICC Uncharacterized protein Helicase activity 150/111.5 88 14 unknown -
(Fragment) (predicted)
3 K8F2R1_9CHLO Malic enzyme Lipid biosynthesis 76/78 69 15 Mitochondria 1.4 (M
AOA087SEW0_AUXPR Alpha-1,4 glucan Starch synthesis 76/100.2 77 19 Chloroplast
phosphorylase
4 C1DY39_MiICcCC Peptidylprolyl isomerase Protein degradation 70/63.3 76 13 Cytoplasm 43 (M
AOAOD2LKL19 CHLO Glucose-6-phosphate Glycolysis 70/64.59 144 27 Cytoplasm
isomerase
5 Q6PYY4 _OSTTA Starch synthase Starch synthesis 60/58.7 74 16 Chloroplast 1.78 (V)
E1ZTI5 CHLVA Glucose-1-phosphate Starch synthesis 60/55.6 75 19 Chloroplast
adenylyltransferase
6 A0A172C330_9CHLO Ribulose bisphosphate Calvin cycle 52/36.59 69 30 Chloroplast 1.34 (1)
carboxylase large chain
(Fragment)
7 COSKA4 9CHLO Tubulin beta chain Flagellar 40/41.6 87 22 Cytoplasm 1.42 (1)
(Fragment) motion/Cytoskeleton
microtubule
8 A8JHUO_CHLRE Malate dehydrogenase TCA cycle 31/38.8 59 16 Mitochondria -
AO0A059LS29_9CHLO Catalase Antioxidant 31/57.37 96 13 Cytoplasm
A0AO0D2M0Q2_9CHLO 3-ketoacyl-CoA synthase Lipid biosynthesis 31/33.9 71 21 Chloroplast
9 AOA097KLR8_9CHLO Mg-protoporphyrin IX Chlorophyll synthesis 27/39.6 77 36 Chloroplast 1.5()
chelatase
10 AOA150H154_GONPE Uncharacterized protein Unknown 26/31.4 71 21 Unknown 1.2 ()
11 AOA1D1ZTJI7_AUXPR Uncharacterized protein Unknown 25/20.87 68 20 Unknown 1.1 ¢)
Band Identification in Protein name Function categories Theoretical Mascot | Coverage Subcellular Fold
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ID [Actual MW score (%) location change
(KD)
12 D8TLPO_VOLCA Glutathione peroxidase Detoxification of H,0, 24/22.27 67 11 Cytoplasm -
13 A0A061S0Z1 9CHLO Phosphodiesterase Hydrolase activity 20/48.2 52 14 Cytoplasm 23 )
14 A8J7H6_CHLRE Thioredoxin-like protein Antioxidant 19/27.6 67 29 Cytoplasm -
AOAO6IRYCR_9CHLO Pyrroline-5-carboxylate Proline synthesis 19/28.3 78 29 Cytoplasm
reductase
A0A1C9ZQC69 _CHLO Alfin-like protein Salt tolerance 19/20.1 52 17 Cytoplasm
15 C1KR5_MiICcCC 50S ribosomal protein L14 Protein synthesis 15/13.40 87 40 Chloroplast 1.1(H
Q946N2_9CHLO Ribulose 1,5-bisphosphate Calvin cycle 15/21.8 71 45 Chloroplast
carboxylase/oxygenase
large subunit (Fragment)
16 AOA061QQ83 9CHLO Nadh:ubiquinone Oxidative 12/16.3 52 20 Chloroplast 1.50 ()
oxidoreductase 13 kDa phosphorylation
subunit
17 AO0A061QN19 9CHLO Putative salt tolerance-like Salt tolerance 10/7.9 54 48 Unknown -
protein (Fragment)

Table 3.4: List of identified 1D-resolved protein spots from control and ASW of Scenedesmus sp. IITRIND2. (Note: For visualization
interpretation, single (1,|) arrows are used to represent relative change in the value of protein expression (as evaluated from their intensities

using Image J software.
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The identified proteins were functionally grouped into 09 different biosynthesis
categories including lipid biosynthesis (02), starch metabolism (02), photosynthesis (03),
glycolysis and TCA cycle (03), detoxification and antioxidants (04), salt tolerance (02), protein
metabolism (03), cellular structure (01) and unknown (04) respectively using QuickGO which
IS a gene annotation and ontology tool (Table 3.4). The characteristics details of identified
proteins including the accession no (Uniprot database), protein name, functional category,
theoretical molecular weight, Mascot score, coverage and subcellular location has been
summarized in Table 3.4. Based on annotation, proteomics analysis suggested that the
identified proteins belonged to 15 different algae which comprises of both fresh water and
marine species. For fresh water species, the maximum hits were related to Desmodesmus
communis (12 %), followed by C. reinhardtii (11 %) and Ettlia pseyudoalveolaris (10 %)
respectively (Fig. 3.6B). On the other hand, for marine algae, maximum similarity was

recorded with Ostreococcus tauri (8.33 %) respectively (Fig. 3.6B).

uncultured Chilorophyta
3%

LRIS SP. iSL

3% e Desmodesmus communis

Tydemania expeditionis 12%
4%

Helicosporidium sp. _

Chlamydomonas
5% i

reimhardrii

; 11%

Bathycoccus prasinos
6%

Auxenochlorella
protothecoides
6%

Ettlia pseudoalveolaris
10%

Micromonas commoda
7%

Valvox carteri f.
nagariensis
o

7% Chlamydomonas sp.

Chlorella variabilis CCMP225
8% 8%

Fig. 3.6: (B) Identification in different algae obtained by QuickGo.

Interestingly five unique protein bands (2, 8, 12, 14 and 17) as shown in Fig. 3.6A,
Table 3.4 were identified in only ASW cultures. The identified proteins majorly belong to
three unique functional categories. They include: (a) antioxidant and detoxifying proteins
(catalase, glutathione peroxidase, thioredoxin like protein and pyrroline-5-carboxylate), (b)
salt-tolerant proteins (Alfin-like-protein and putative salt like protein) and (c) lipid augmenting
proteins (malate dehydrogenease and 3-ketoacyl CoA synthetase) respectively (Table 3.4 and
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Fig. 3.6A). The expression of proteins such as starch synthase (band 5), ribulose bisphoshate
carboxylase large chain fragment (band 6), tubulin B chain (band 7), Mg-protoporphyrin IX
chelatase (band 9), phosphodiesterase (band 13) and NADH:ubiquinone oxidoreductase 13 kDa
subunit (band 16) were down regulated (2-3 fold) while proteins including peptidylprolyl
isomerase (band 4), glucose-6-phosphate isomerase (band 4), 50 S ribosomal protein L14 (band
15) were up regulated (2-4 fold) (Table 3.4 and Fig. 3.6A). Further, four uncharacterized
proteins (band 1, 2, 10 and 11) were also identified, however QuickGo was able to predict

functional category to only band 2 for helicase activity.

3.3.6  Gene expression analysis of major metabolic pathways using RT-PCR

Substantiation of differential protein expression profiles using gene expression analysis
delineated the metabolic pathways that are crucial for halotolerance behaviour of
Scenedesmus sp. IITRINDZ2. In order to analyse the relative gene expression patterns, six lipid
biosynthesis [malic enzyme (ME), diacylglycerol acyl transferase (DGAT), steroyl-ACP-
desaturase (SAD), lipase, Phospholipid:diacylglycerol acyltransferase (PDAT) and biotin
carboxylase (BC)], two carbohydrate synthesis genes [sucrose synthase (SS) and ADP-glucose
pyrophosphorylase-large subunit (AGP-L)], carbon concentration mechanism (CCM) [carbonic
anhydrase (CA)], proline biosynthesis [A- pyrroline -5- carboxylate synthetase (P5CS)] and
photosynthesis [Photosystem Il reaction center protein subunit C (PsaC)] were studied.
Compared to the control, all the lipid biosynthetic genes showed an increase in ASW except
lipase (LIP). Among the elevated genes, lipid biosynthesis showed maximum expression (BC >
SAD > ME > DGAT > PDAT) (Fig. 3.7). On the other hand, both carbohydrate synthesis genes
expression decreased by 2-3 fold in ASW as compared to control cells. Further, a 5-7 fold
increase in proline and CCM genes expression was recorded in ASW cultivated cells with

down regulation of photosynthesis gene as compared to control cells (Fig. 3.7).
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Fig. 3.7: Gene expression of metabolic pathways analysed by RT-PCR.

3.4 Discussion

Integrated omics approach studies are helpful in facilitating the correlation of metabolic
pathways by linking gene, proteins and metabolites of any organism. In the last decade,
researchers have made a progress in unravelling the microalgae complex biosynthetic pathways
by utilizing various omics techniques [93]. These algal-omics studies have led to well
established metabolic maps which aided identification of targets for genetic engineering for
high lipid accumulating microalgal strains [153,222]. Keeping this view in mind, the present
study utilized an integrated omics approach to unfold the halotolerance mechanism of a novel
high lipid accumulating microalgal isolate Scenedesmus sp. HTRINDZ2, and also identified
potential genome editing targets.

The results obtained aided in postulating that in order to survive the salinity stress,
Scenedesmus sp. IITRIND2 essentially needs to maintain the osmotic equilibrium across the
membrane and cytoplasm which can be achieved via alterations to membrane permeability, cell
surface charge and lipid composition along with perturbations in the gene, protein and
metabolites biosynthesis. Based on the results obtained from biochemical, structural and
integrated omics studies, a salinity driven metabolic pathway of the microalga, which enabled it

to tolerate the salt stress along with high lipid accumulation is proposed (Fig. 3.8).
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Fig. 3.8: Schematic representation of salt-tolerant mechanism deployed by Scenedesmus sp.
IITRIND2 by alteration in various cell organelles/pathways (1) ion channels and cell
membrane (2) production of EPS (3) ROS scavenging and salt-tolerance (4) Lipid and
carbohydrate metabolism and photosynthesis (5) Protein metabolism (6) TCA cycle (7) TAG
synthesis. The genes are presented in diamond shape, proteins in circular and metabolites/ions
in square. The up regulated genes/proteins/metabolites are shown in red while in blue for down

regulation. The four potential biomarkers for genetic engineering are represented in Black.

The first adaption step by the microalga towards salinity stress is the change in the
membrane potential and permeability, as an increase of the K* ions inside the microalga
indicated it to be an important coping mechanism which helps to reduce the toxic effects of
enhanced Na* ions (Fig 3.8: Panel 1) [223]. An increase in uptake of Ca'? also helps the
microalgae to counteract the toxic effects of Na* ions, and thus reduces the permeability of the

70



plasma membrane [224]. Parallel to the ions balance, fluctuations in the lipid composition
particularly the membrane lipids was also an essential acclimatisation mechanism deployed by
Scenedesmus sp. IITRIND2. The *H NMR showed increase in the negatively charged lipids
including PE, PC and PL which contributed towards the negative charge of the cell membrane
under halotolerant conditions as substantiated by the decrease in its surface zeta potential (Fig.
3.3A and Fig 3.8: Panel 1). Such an increase in the negatively charged lipids indicate to shield
the microalgal cell membrane from the Na* ions and avoid membrane destabilization [225].
Similar results have also been reported in various microalgae including D. salina and C. nivalis
[226,227].

An increase in the SFAs in the algal plasma membrane is crucial to decrease its
permeability towards the small ions (Na*, CI") but at the same time keep it fluid and flexible
enough to carry out normal cellular processes [187,213]. Earlier a two-fold increase in the
content of C18:1 followed by a 1.5 fold increase in C16:0 in the fatty acid composition under
salinity stress has been reported indicating that the microalga maintained an optimum balance
of cell permeability and potential (In chapter 2, section 3.4) [228]. Further, a two fold increase
was observed in the MGDG levels (Fig. 3.3A), a non-bilayer forming lipid that balances the
membrane fluidity, and is also crucial for photosynthetic processes involving lateral, rotational
and transmembrane diffusion during electron transfer from photosystem 11 (PSIl) and
phostosyteml (PSI) [229]. The cells cultivated in ASW also showed an increase in EPS
formation which can further enhance its salinity tolerance characteristics (Fig. 3.3B, Fig. 3.8:
Panel 2).

Apart from the modulation of the membrane permeability, increase in the accumulation
of osmolytes was observed to be an important phenomenon for restoring the osmotic
equilibrium (Table 3.3 and Fig. 3.8: Panel 3). High concentrations of proline and sucrose in
ASW cultivated Scenedesmus cells suggested them to be the major osmolytes engaged in
regulating the internal osmotic balance (Table 3.3 and Fig. 3.8: Panel 3, 4). Proline is actively
involved in the restoration of turgor pressure, regulation of cellular water structure, ROS,
inhibition of lipid peroxidation and as an antioxidant [135]. On analysis of the proteomics of
the ASW grown cells, unique band was observed of pyrroline-5-carboxylate reductase (P5CR)
(Table 3.4). The L-proline is synthesized from L-glutamate via two successive reactions
catalysed by the P5CS and P5CR (pyrroline -5-carboxylate reductase), with consumption of 1
molecule of ATP and 2 molecules of NADPH [204]. Indeed, RT-PCR analysis showed the
overexpression of P5CS, thus substantiating the metabolic and proteomic results related to L-
proline increase in ASW cells (Fig. 3.7). A significant reduction in the levels of glutamate and

ATP also indicated their flux towards proline synthesis (Table 3.3). Apart from proline
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accumulation, sugar accumulation also contributes towards the maintenance of osmotic
strength the microalgal cells under salt stress. Such an accumulation of sugars not only prevents
cellular degradation but also provides a source of energy under saline conditions [230]. Among
the sugars, the omics data indicated that sucrose was synthesized prior to other sugars as an
apparent decline in the level of UDP-glucose and down regulation of sucrose synthase
(catalyses the breakdown of sucrose) was recorded (Table 3.3, Fig. 3.6 and Fig. 3.8: Panel 4).
Sucrose plays a vital role in decreasing the toxicity of Na* ions by aiding its active extrusion,
inhibition of membrane vesicles and improving the H'-ATPase activity [221]. The
metabolomics analysis also showed a rise in the levels of glucose and mannose/trehalose in the
ASW cultivated cells. Trehalose has an established role in stabilization of proteins under salt
stress by acting as an antioxidant and osmoregulatory molecule [231]. Another important
adaptive mechanism involves the quenching of the ROS generated due to salt stress.
Scenedesmus sp. HITRIND?2 efficiently grew in ASW due to differential expression of three
antioxidant proteins including thioredoxin like protein, glutathione peroxidase and catalase
(Table 3.4 and Fig. 3.8: Panel 3). Interestingly, Scenedesmus sp. IITRIND2 exhibited distinct
salt tolerant response as two unique proteins: (a) putative salt-tolerant protein and (b) Alfin-like
protein were identified (Table 3.4 and Fig. 3.8: Panel 3).

Excessive intrusion of Na* ions into the cells due to salt stress can inhibit the amino
acid /protein biosynthesis. A decrease in the levels of all the aromatic and branched chain
amino acids under salt stress was observed (Table 3.3). The salt induced stress on protein
folding machinery was also evident as the halotolerant cells showed for up regulation of
Peptidylprolyl isomerase (PPI), a potential molecular chaperon and ROS scavenger (Table 3.3
and Fig. 3.8: Panel 5) [232]. As chloroplast is one of the major sources of ROS production,
suppression of photosynthesis combats for oxidative damage under salt stress. In line with this,
a reduced expression of Mg-protoporphyrin 1X chelatase, Ribulose bisphosphate carboxylase
large chain (Fragment) and PsaC in ASW cells were noted (Table 3.4, Fig. 3.6 and Fig. 3.7:
Panel 4). Further, as salinity decreases the solubility of the CO, in water thereby decreasing its
availability to the microalgal cells, an increase in the gene expression levels of carbonic
anhydrase (CA) was recorded (Fig. 3.6 and Fig. 3.8: Panel 4). It has been reported that under
stress conditions, the levels of CA increases which facilitates CO, acquisition along with
activation of C4 CCM [233].

A subsequent up regulation of malate dehydrogenase (catalyses the conversion of
malate to oxaloacetate in TCA cycle) in ASW grown cultures indicated accumulation of acetyl-
CoA; precursor for fatty acid synthesis (Table 3.3, 3.4 and Fig. 3.8; Panel 6). Further, an up

regulation in the levels of malate dehydrogenase has been related to salt adaptation in
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Arabidopsis [234]. A decline in the starch metabolism was recorded as proteomics/RT-PCR
analysis of ASW cultures showed down regulation of starch synthase and Glucose-1-phosphate
adenylyltransferase (AGPase) (Table 3.4, Fig. 3.6 and Fig. 3.8: Panel 4). Additionally, an up
regulation in the glycolysis (Glucose-6-phosphate isomerase and glucose) and down regulation
of TCA cycle (succinate and fumarate) indicated redirection of cell’s carbon flux towards lipid
body formation (Table 3.3 and 3.4). Such a rewiring of metabolic pathway towards synthesis
of TAGs can be a unique survival trait adopted by the microalga to survive under stress
conditions.

In Chapter 2, section 2.3.3, an increase in TAG accumulation (52 % of dry cell weight)
in microalgal cells cultivated in ASW as compared to control cells was observed which is well
corroborated with the TEM micrographs showing deposition of large number of intracellular
lipid droplets (Fig. 3.2C-and D) [228]. These results were complimented by the proteomics and
gene expression analysis as lipid biosynthesis genes (ME, BC, KCS, SAD, DGAT, and PDAT)
which were up regulated in ASW grown cultures (Fig. 3.8: Panel 2, 6). An apparent up-
regulation in the levels of ME at both transcriptional (RNA) and translational (protein) levels
indicates the elevated conversion of malate to pyruvate, thus leading to generation of more
NADPH and the direction of its flux towards lipid synthesis (Fig. 3.8: Panel 3). Increase in ME
has been reported under nitrogen depletion, CO, deprivation and salinity stress respectively
[59,105].

The first committed step towards the fatty acid synthesis is the conversion of acetyl-
CoA to malonyl-CoA catalysed by ACCase [235]. Biotin carboxylase is the part of ACCase
that catalyses the- carboxylation of ACP and transfer of carboxyl group thereby generating
malonyl- CoA [120]. On the other hand, KCS catalyses the conversion of malonyl-coA to acyl-
COA, the first rate limiting step in fatty acid elongation while SAD is responsible for the
conversion of stearoyl-ACP to oleoyl-ACP and is crucial for maintaining the ratio of saturated
fatty acids and unsaturated fatty acids [236,237]. Augmentation in the levels of DGAT that
catalyse the conversion of DAG to TAG was also observed. Additionally, PDAT which is
responsible for the conversion of chloroplastic membrane lipids to TAGs was also enhanced.
These observations established that both de-novo and lipid recycling pathways are essential and
responsible for the overall increase in TAG content under salinity stress conditions (Fig. 3.8:
Panel 7).

In a nutshell, integrated omics results on Scenedesmus sp. ITRIND2 have unravelled
four unique genetic targets, whose overexpression could potentially convert fresh water
microalgae to halotolerant species. These four targets include: (a) Alfin-like protein, (b)

putative salt-tolerant protein (c) KCS and (d) SAD. Alfin-like protein family was discovered in
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alfalfa (Medicago sativa) and its overexpression in parent plant and Brassica napa resulted in
increasing the salt tolerance [236,238]. This is the first report showing the differential
expression of alfin-like protein in an algal strain, and could be a potential genetic engineering
target in microalgae also for increasing the halotolerance and warrants further investigation. On
the other hand, putative salt tolerance protein could be a possible homolog of salt tolerant
protein (STO) identified in Arabidopsis thaliana which is an Na‘'/H" antiporter, whose
overexpression has resulted in increased salt tolerance [239,240]. KCS and SAD which are
involved in the lipid biosynthesis pathway are the two other important genetic targets revealed
from the current study. They together are responsible for MUFAs formation, and also helps to
acclimatize the algal intracellular membrane compartment to function in high internal

osmolytes concentration [237].

3.5 Concluding remarks

A novel halotolerant microalga isolate Scenedesmus sp. IITRIND2 was shown to
modulate its cellular machinery by adapting in high saline environments which was reflected in
changes to the ion channels, membrane permeability, ultrastructure, metabolites and proteome.
The observed metabolic rewiring of the microalgae is unique and different from common
halotolerant microalga; D. salina. The investigation identified four biomarkers including KCS,
SAD, Alfin-like protein and putative salt tolerant protein that could be the potential genetic
engineering targets for non-halotolerant strains.

The present study also pointed out the ease of harvesting the microalgal biomass
cultivated in ASW as the cells showed an increase in cell size, EPS formation and loss of
tubulin chain expression which is crucial for motility thereby enhancing the auto sedimentation
property, thus reducing the cost of downstream processing. Another interesting aspect for
reducing the cost of algal production is biorefinery approach which integrates biodiesel
production with conversion/extraction of all the available compounds into spectrum of
marketable high value compounds (omega 3 fatty acids, bioactive compounds, etc.) without
generation of waste [52,241,242]. Scenedesmus sp. IITRIND2, along with augmented lipid
accumulation showed high amounts of proline and sucrose which are industrially relevant
products. In summary, the outcomes of this study has not only enhanced our existing molecular
level knowledge of halotolerance and lipid accumulation in response to salt stress but also
yielded genetic targets for generating novel halotolerant algal strains.
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CHAPTER 4

Assessing the robust growth and lipid accumulating characteristics of
Scenedesmus sp. cultivated in natural sea water using small scale custom built

photobioreactor

4.1 Introduction

In the past decade, extensive studies have been carried out to study the effects of
sodium chloride (NaCl) on various genera of microalgae such as Desmodesmus sp,
Chlamydomonas sp., Chlorella sp., Acutodesmus sp., Scenedesmus sp. and Dunaliella sp. etc.
[165,230,243-245]. However, to mimic natural sea water salinity variation, cultivation of
microalgal strains in sea water (using representative sea salt composition) is absolutely
essential. To this end, recently various microalgae such as Chlorococcum sp. RAP13,
Tetraselmis sp. CTP4, Picochlorum SENEWS3, Marinichlorella kaistiae KAS603 and
Scenedesmus sp. IITRIND2 have been identified as halotolerant and grown in sea water/sea
salts for biofuel generation [59,183,228,246,247]. The major difference between sea water and
NaCl lies in the presence of essential elements such as the calcium, magnesium and potassium
salts of sulfate and carbonate in a complex buffer system that aid in microalgal growth.

The halotolerant microalga Scenedesmus sp. IITRIND2 was cultivated in different sea
water salinities (0-100 %) in a small-scale custom built photobioreactor, to evaluate its
potential for carbohydrate and lipid accumulation. The main objective of the study was to
delineate the temporal changes in the bioenergy stored in the algae cells, as fatty acids and
carbohydrate content and respective composition. This will shed light on the physiological
energetic responses of microalgae as an adaptation response to high salinity, when nutrients in
the culture are not limited. Furthermore, the growth performance of the microalga was
compared with NaCl supplemented medium to examine the efficiency for biomass generation
and distinguish the observed response in sea water from the salt induced salinity. Our study
showed evidence of rapid modulation in the cell’s carbohydrate content, which may aid the
microalga to maintain cell’s osmotic balance and subsequent adaptation to high salinity
conditions, thereby making it less permeable to sodium and maintaining osmotic balance. The
insights obtained from this study will helps in unravelling physiological changes occurring in a

halotolerant microalga in response to salinity.
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4.2 Materials and Methods

4.2.1 Microalgal strain and cultivation conditions

To test the adaptability of Scenedesmus sp. IITRIND2 in sea water and exclusive NaCl
supplemented media, the cells were cultivated in 250 mL Erlenmeyer flasks containing sea
water/ NaCl based growth media having four different salinities- no salt, quarter strength (8.75
g/L), half strength % (17.5 g/l) and full strength % (35 g/L). The sea water media obtained
from Bigelow laboratory for Ocean Sciences (60 Bigelow Drive, East Boothbay, ME, USA)
had the following composition, 0.39 g/L NH4HCO3, 1 mL 0.313 M NaH;P04.2H,0, 1 mL F/2
trace element stock, 1 mL F/2 vitamin stock in 1 L filtered sea water. In case of NaCl
supplemented media, the sea water was replaced by distilled water and appropriate amount of
NaCl was dissolved to obtain equivalent salinities (Table 4.1). The media used was vacuum
filtered (Thermo Scientific Nalgene Filtration unit). The cultures were incubated at 25 °C with
continuously illuminated at 70 pmol photons m2s* by white fluorescent lamps and air

containing CO; (2 %; v/v).

Media components Sea water medium (g/L) NaCl medium (g/L)
0 8.75 17.5 35 8.75 175 35
Sea water (mL) 0 250 500 1000 0 0 0
Distilled water (mL) | 1000 | 750 500 0 1000 1000 1000
NaCl (g/L) - - - - 8.75 17.5 35
NH;HCOs (g/L) 0.39 | 0.39 0.39 | 0.39 0.39 0.39 0.39
0.313 M 1 1 1 1 1 1 1
NaH,P0O4.2H>0 (mL)
F/2 trace element stock 1 1 1L 1 1 1 1
(mL)
F/2 vitamin stock (mL) | 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Table 4.1: Details of sea water and NaCl supplement media components.

4.2.2 Inoculum preparation and photobioreactor cultivation

A photobioreactor (PBR) with programmable high Bay LED lights (Grainger) plugged
into a control device (National Control Device) that mimics the outdoor light
(photosynthetically active radiation) conditions was used to run the experiments. The LEDs

provided a maximum light intensity of 900 umol photons m™ measured in the culture tubes
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(150 mL; 20 cm X 3.5 cm). The system utilized a water bath for temperature control with a
programmable water circulator providing controlled temperatures based on a two week average
measured in open ponds operated in the summer in Mesa, AZ (warmest temperature during the
day was 32 °C for almost one hour starting at 14:00 and the coldest temperature drops to 21°C
at 5:00) respectively (Fig. 4.1). The culture tubes had gas tight stoppers with three inlet/outlet
tubes. These were used to deliver 2% CO; enriched air to the bottom of the tube for mixing,
provide a gas out line, and a liquid sampling line that was used to monitor cell density of the
cultures every day. The culture tubes were held in place by a rigid bracket that keeps all 36
tubes in two parallel rows where the light intensity is the same for each position. Four different
seawater and NaCl salinities (0, 8.75, 17.5 and 35 g/L) with culture volume of 100 mL and

initial O.D. at 750 nm of 0.1 for 120 h in the same conditions as detailed above were used.

Summer PAR conditions
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v

Summer Temp cycle

i IIH"IIINHHMH“\imlum
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Fig. 4.1: Photobioreactor temperature and light intensity cycle.

4.2.3 Microalgal growth estimation

The microalgal growth rate was monitored daily by spectrophotometry (Beckman
Coulter DU 800 Spectrophotometer) at 750 nm. Ash free dry cell weight (AFDCW)
determination was carried out as described by Wychen et al. [248]. In brief, the crucibles were
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preconditioned in the 575 °C muffle furnace overnight to remove any combustible
contaminants and then their weights were recorded at room temperature. In each crucible 100 £
5 mg of freeze-dried algae was added and the weight of each sample was recorded. Samples
were then placed in a 40 °C vacuum oven overnight and gravimetrically the weight was
recorded, after which the samples were placed in the ramping 575 °C oven overnight. The
biomass productivity (mg/L/d) was then calculated according to the following equation:

Final AFDCW — Initial AFDCW
Cultivation time

Biomass productivity =

4.2.4 Nitrogen, phosphate and pH estimation

The inorganic nitrogen was measured as total ammonium ions present in the form of
NH4HCOs. Residual ammonium was measured in pre-filtered (0.45 um membrane filter,
Millipore Corporation, Billerica, MA, USA) cell free supernatant every 24 h using
commercially available Nitrogen, Ammonia Test kit (Model no: NI-SA, Hach Company,
Loveland, CO, USA). The residual phosphate was determined in pre-filtered (0.45 pm
membrane filter, Millipore Corporation, Billerica, MA, USA) cell free supernatant every 24 h
using commercially available phosphate assay kit (MAK 30-KT, Sigma, USA). Cell free
supernatant pH was measured on samples using a standard bench top pH meter (Beckman 40
pH Meter) after every 24 h time interval.

4.2.5 Compositional analysis

The total carbohydrate content was determined in duplicate for each of the samples
[249]. The lyophilized biomass (25 mg) and 250 pL of 72% (w/w) sulfuric acid were added
into a 10 mL glass vial. The first step hydrolysis was performed in a 30 °C water bath for 1 h
followed by addition of 7 mL of 18.2 MQ into the vial which was then sealed and autoclaved
for 1 h at 121 °C. Hydrolyzed samples were then run on a high pressure ion chromatography
(ICS-5000+, Thermofisher Scientific) using a Carbopac PA20 column/guard column and
pulsed amperomtric detector (PAD). Monomeric sugars and uronic acids were eluted at 0.45
mL/min using an isocratic eluent concentration of 27 mM NaOH for the first 10 min, followed
by the ramping of a 1M NaOAc/100mM NaOH eluent from 2 — 19% (the remainder as water —
98 — 81%). This was followed by a linear increase from 10 minutes upto 30 minutes, then

turning off ramp and running the 100 mM NaOH for 5 minutes. This was then re-equilibrated
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for 10 minutes at the initial NaOH concentration (27mM) with a total run time of 45 minutes
respectively. The column and compartment/detector temperatures were set to 35°C. For
detection, the gold standard PAD waveform (carboquad, waveform A): E1: +0.1V for 400 ms,
E2: -2.0V for 1 ms, E3: +0.6V for 1 ms, E4: -0.1V for 6 ms was used.

Lipids were measured as fatty acid methyl esters (FAMES) in biomass, through an in
situ FAME preparation method [250]. Approximately, 4-7 mg of lyophilized microalgae
biomass was added to a pre-weighted GC vial. An internal standard tridecanoic acid methyl
ester, chloroform/methanol (2:1) and HCI methanol solution (5%, v/v) were added and the
solution was heated at 85 °C for 1 h, extracted with 1 mL of hexane and analyzed by GC-FID
equipped with a DB-WAX column (Agilent, USA), 30 m 0.25 mm and 0.25 um, temperature
program 100 °C for 1 min, then to 25 °C min™* to 200 °C, hold for 1 min, then 5 °C to 250 °C
and hold for 7 min, at a helium as carrier gas (1 mL/min). The individual FAME concentrations

was quantified and normalized against the internal standard [250].

4.2.6 Statistical analysis

The PBR experiments were run twice (n=2) with two replicates each time and the
results have been presented as mean + S.D. of all four replicates respectively. Statistical
analysis was done using one-way ANOVA followed by post hoc Tukey’s test (Graph pad V7)

and p<0.05 was taken as significant.

4.3 Results

4.3.1 Photobioreactor design and adaptation of microalga under high saline conditions

To enhance the economic feasibility of microalgal biofuel production, a halotolerant
microalga Scenedesmus sp. IITRIND2 was cultivated in different salinities by diluting sea
water into the medium base and compared to equivalent NaCl based media using the custom-
built moderate throughput PBR. The microalgae showed broad halotolerance ability as the
seed cultures grown in the respective sea water or NaCl salinities media adapted well under
incubator conditions (25 °C, 70 pmol photons m 2 s™Y). However, when the seed cultures were
cultivated under programmed fluctuating temperatures and higher light regimes in the PBR,
the microalga failed to grow in culture media that contained 35 g/L NaCl, and growth was

equally inhibited when NaCl concentration were 8.75 and 17.5 g/L respectively (Fig. 4.2).
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Fig. 4.2: Effect of sea water salinity and exclusive NaCl on cell growth of Scenedesmus sp.
ITRIND2.

This suggests that presence of pure NaCl in the basal media is more inhibitory to the
microalga as compared to equal amounts of sea salts under these growth conditions. Indeed,
cultures adapted well in NaCl medium under constant low light intensity suggesting that the
physiological effects of NaCl are synergistic with lighting conditions meant to mimic outdoor
growth. Also, the inhibitory effects of NaCl can be alleviated by changing the physical
conditions such as constant light intensity, temperature and CO, of microalgal growth. Similar
results have been reported in blue green algae (Agmenellum quadruplicatum) when it was
cultivated in high NaCl concentrations (70-90 g/L) [251].

4.3.2 Salinity effect on algal growth

The microalga growth was assessed through optical density (O.D.750 nm), AFDW and
biomass productivity. Among the four initial concentrations of sea water applied, the 8.75 g/L
culture showed a limited response as compared to no salt cultures, along with discrepancy
between O.D.750 nm and AFDW values. This could be due to increase in the cell size or shape of
the algal cells when exposed to high saline environments as reported earlier [7]. Half strength
seawater (17.5 g/L) cells showed higher O.D.750 nm than full strength sea water, reaching its
maximum AFDW of 2.58 + 0.04 g/L at 84 h after which the biomass significantly decreased
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(Fig. 4.3). Overall the microalgal AFDW (g/L) and biomass productivity (mg/L/d), after a
cultivation period of 120 h in sea water-based media was found to decrease with increase in sea
salt concentration with maximum (3.18 + 0.18 g/L; 696 + 4 mg/L/d) in no salt while minimum
(1.91 £ 0.04 g/L; 362 £ 2 mg/L/d) in 35 g/L (Fig. 4.3). However, the cultures with exclusive
NaCl supplemented media, grew with a slow and linear manner over 72 hours with
approximately 4 -5 fold lower AFDW than sea water salinity in 8.75 g/L (0.61 = 0.02) and 17.6
g/L (0.67 £ 0.02 g/L) as shown in Fig. 4.3. These results indicate that microalga benefitted with

mixture of salts present in sea water as compared to exclusive NaCl.

O g/L 17.5 ¢/L (SW) mmmm 875 g/l (NaCl)
4 mm 875 ¢/L (SW) =mmmm 35 g/L (SW) mmmm 17.5 g/ (NaCl)

AFDW (g/L)
(] W

[y
1

48 60 72 84 120

Fig. 4.3: Effect of sea water salinity and exclusive NaCl on Scenedesmus sp. IITRIND2 on
AFDW cultivated in photobioreactor. Error bars indicate standard deviation for four
biological replicates (* p <0.05, ** p < 0.01, *** p <0.001).

4.3.3 Changes in pH and uptake of nutrients

In order to determine the effect of salinity on pH and nutrient uptake from the media
during the microalgal growth, changes in the pH, ammonium and phosphate concentrations in
the medium were measured. A rapid decline from pH 8.0 (initial) to pH 6.2-6.8 was recorded in
half and full-strength sea water cultivated media within 48 h while in case of cultures
supplemented with exclusive NaCl, the pH only dropped to 7.1 (Fig. 4.4A). After 48 h time
interval, equalization of pH (no significant decrease) took place in quarter, half and full-
strength sea water media and NaCl (8.75 g/L and 17.5 g/L), while for culture with no sea water
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(0 g/L) the pH further dropped to 6.02 (Fig 4.4A). Indeed, the drop in pH could be attributed to
the uptake of ammonia by the microalgal cells which causes production of H™ particularly
under unbuffered mediums used in the present study.

The uptake of ammonium and phosphate in each of the cultures is shown in Fig. 4.4B
and C. Data showed an initial rapid uptake in all the sea water cultures lasted for 60 h for both
ammonium and phosphate. Subsequent to afore stated process, a gradual decline in the uptake
of ammonium was recorded for all the cultures up to 72 h, and then by 84 h the ammonium was
depleted beyond the limit of detection from all the sea water cultures. However, phosphate
concentrations dropped to a non-zero minimum (ranging from 0.054 mM to 0.027 mM) after
60 h, and remained constant for up to 120 h in all the sea water cultures. NaCl cultures showed
reduced ammonium and phosphate uptake as compared to sea water cultures which reflects the
reduced growth of those cultures. Similar to sea water cultures, a rapid decline in ammonium
content was recorded in all the NaCl cultures till 60 h, after which the uptake reached a
minimum (1.3-0.9 mM), at which point growth had ceased. On the other hand, the phosphate
uptake was observed only till 48 h, after which no significant change in the phosphate
concentration was recorded in the growth media (Fig. 4.4C). Moreover, faster uptake at the
beginning of the culture period (60 h) corresponded to the accumulation of nitrogen and
phosphorous after the microalgae cell density reached a maximum level, the nutrient uptake
from the media (72 -120 h) slowed down as shown in Fig. 4.4B and C.
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Fig. 4.4: Temporal changes in (A) pH (B) Total ammonium concentration (C) Total phosphate
concentration in the culture media of Scendesmus sp. IITRIND2 grown in media supplemented
with sea water and NaCl. Error bars indicate standard deviation for four biological replicates
(* p <0.05, ** p < 0.01, *** p <0.001).
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4.3.4 Effect of salinity on carbohydrate composition of the microalga

The analysis of carbohydrate profiles can provide insights into the adaptation of the
microalga to high salinity environments. To this end, the time course profile of carbohydrate
accumulation for all culture media is illustrated in Fig. 4.5. The carbohydrate concentration
examined in different seawater salinity media (0-35 g/L) reached maximum values of 67.11 +
0.24 %, 62. 59 + 0.35 %, 69.33 + 0.34 % and 51.9 + 5.99 % between 60-72 h in the seawater
and no salt cultures respectively (Fig. 4.5). However, after 72 h, the carbohydrate content
decreased by a factor of ~ 1 to 1.5 in all the sea water cultures with a concomitant increase in
the FAME content in the cells. On the other hand, in case of NaCl supplemented cultures,
maximum carbohydrate (49.71 % and 36.86 %) was attained within 72 h in 8.75 g/L and 17.5
g/L salinity respectively (Fig. 4.5).

=
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0 g/l 175 g/L (SW) EEmE 8.75 g/L (NaCl)
s 8.75g/L (SW) mmmm 35 o/L(SW) mmmm 175 g/L (NaCl)
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Time (h)
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Total carbohydrates (%)
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Fig. 4.5: Changes in the total carbohydrates of Scenedesmus sp. IITRIND2 grown in sea water
and exclusive NaCl. Error bars indicate standard deviation for four biological replicates (* p
<0.05, ** p< 0.01, *** p<0.001).

Interestingly, with increase in the salinity of the media, the carbohydrate constituents
showed more variation compared to the control, the change in glucose (~ 150 — 600 mg/g

AFDW) was most pronounced, followed by mannose (~ 22- 100 mg/g AFDW) and galactose
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(~ 5 — 15 mg/g AFDW). In addition, for 8.75 g/L, 17.5 g/L and 35 g/L, small amounts of
fucose (~ 0.12 — 5 mg/g AFDW) and ribose (0.3 — 10 mg/g AFDW) were detected (Fig. 4.6).
The primary response of glucose accumulation, and the observation that other monosaccharides
do not exhibit a similar response profile, indicates the synthesis of a storage glucan as the initial
rapid physiological response to salt stress. On a general trend, irrespective of the salinity, the
level of galactose decreased with time (48 — 120 h), while the mannose content of the
microalga increased with cultivation time up to 84 h and then showed slight decline at 120 h
time point (Fig. 4.6). On the other hand, glucose followed a bell shape curve, characterized by
maxima between 60 - 72 h and then starts decreasing beyond the specified time intervals. This
Is consistent with the distinct maximum of storage carbohydrate accumulation in other species,
such as C. vulgaris and Scenedesmus acutus, while the rest of the sugars (fucose and ribose)
showed no particular trend [241]. Further, with the presence of high levels of fermentable
sugars (glucose and mannose) the microalga can be explored for potential bioethanol (or other
fermentation pathway) production, which can be easily metabolized by yeasts such as

Saccharomyces cerevisiae [242] .
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Fig. 4.6: Changes in the neutral sugar composition of Scenedesmus sp. IITRIND2 grown in sea
water and exclusive NaCl medium. Error bars indicate standard deviation for four biological
replicates (* p <0.05, ** p< 0.01, *** p<0.001).
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4.3.5 Effect of salinity on FAME composition of the microalga

Exposing microalgae to different salinity environments typically leads to increase in
accumulation of neutral lipids (TAGSs) that aids in the cell’s survival. Thus, we quantified
changes in both the content and the composition of FAMEs in response to different salinity
levels (Fig. 4.7). Data revealed that FAME content increases with cultivation time in all the sea
water supplemented cultures, attaining maximum of 34.38 =+ 1.20 % in 17.5 g/L followed by 35
> 0> 8.75 at 84 h time point, after which the FAMESs content slightly reduced (Fig. 4.7).

40 - e 0 g/l s 17.5 g/L (SW) wmmm 8.75 g/L (NaCl)
e 8.75 gL (SW) mmmm 35 g/L (SW) 17.5 g/L (NaCl)

Total FAMEs (%)

Fig. 4.7: Relative changes in total FAME of Scendesmus sp. IITRIND2 grown in sea water and
exclusive NaCl supplemented medium. Error bars are standard deviation for four biological

replicates.

On the other hand, the NaCl supplemented cultures showed a low FAME content (~8-10
%) in both 8.75 and 17.5 g/L salinity. The major fatty acids in the microalga irrespective of the
salinity comprised of C16:0 (~ 25 %), C18:1n9 (~ 35 %), C18:2n6 (~10 %) and C18:3n3 (~15
%) indicating its great potential to be converted into biodiesel as depicted in Table 4.4 and 4.5.
Furthermore, the content of SFAs and MUFAs increased with cultivation time while the
PUFAs amount decreased with time (48-120 h) in all the sea water salinity cultures (Table
4.6). However, for the NaCl cultures, no significant changes in the SFA, MUFA or PUFA

content were observed (Table 4.6).
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FAME (%)

Sea salt concentration (g/L)

0 8.75 17.5 35
48h | 60h 72h 84h | 120h | 48h 60h 72h 84h | 120h | 48h 60h 72h 84h 120h | 48h | 60h | 72h | 84h | 120h
C12:0 0 0 0 0.005 | 0.008 | 0.04 0 0.036 | 0.051 | 0.040 | 0.04 | 0.05 0.06 0.03 0.04 | 0.14 | 0.06 | 0.06 | 0.06 | 0.04
C14:0 028 | 0.24 | 0.18 0.18 | 0.17 | 0.45 0.39 |0.429 | 0328 | 0.231 | 0.40 | 0.32 0.26 0.21 021 | 044 | 0.36 | 0.30 | 0.28 | 0.25
C16:0 23.98 | 24.24 | 24.12 | 24.82 | 25.06 | 22.05 | 23.44 | 22.42 | 20.98 | 22.69 | 22.12 | 25.98 | 23.86 | 25.10 | 23.74 | 20.96 | 23.76 | 23.76 | 25.19 | 24.83
C16:1n9 0.58 | 1.16 1.09 122 | 1.15 | 0.58 1.42 181 | 203 | 141 | 060 | 1.08 1.04 1.21 125 | 119 | 196 | 1.37 | 150 | 1.66
C16
unknownl | 1.28 | 041 0.22 0.10 | 0.11 | 1.98 0.75 0.70 | 0.27 | 0.20 | 1.70 | 0.42 0.34 0.19 023 | 1.26 | 0.38 | 0.37 | 0.21 | 0.27
C16:2 1.74 | 350 | 411 560 | 580 | 1.43 2.36 243 | 349 | 528 | 162 | 3.16 3.77 4.52 444 | 2.66 | 384 | 456 | 486 | 458
C16:3 445 | 411 3.96 3.19 | 3.15 | 3.32 4.55 472 | 535 | 428 | 438 | 3.66 4.20 3.59 443 | 385 | 349 | 404 | 297 | 385
C16:4 6.76 | 3.09 1.67 090 | 0.74 | 9.07 4.82 432 | 263 | 121 | 8.03 | 2.72 1.61 1.09 111 | 637 | 334 | 190 | 1.19 | 1.25
C18 182 | 229 | 4.01 482 | 489 | 1.27 1.89 168 | 1.66 | 3.33 | 148 | 3.32 4.12 5.32 587 | 193 | 260 | 3.23 | 463 | 3.56
C18:1n9 | 16.96 | 25.38 | 29.57 | 31.01 | 31.05 | 12.94 | 23.77 | 27.09 | 31.16 | 31.93 | 14.33 | 26.32 | 30.99 | 31.01 | 30.11 | 18.77 | 24.48 | 28.65 | 30.93 | 30.86
C18:2n6 8.81 | 10.68 | 10.80 | 10.99 | 11.00 | 8.04 8.00 6.77 | 809 | 962 | 7.85 | 1047 | 9.79 10.62 | 10.08 | 9.83 | 11.18 | 9.75 | 11.10 | 10.38
C18:3n3 | 3045 | 21.33 | 17.10 | 1446 | 14.12 | 3450 | 2453 | 23.45 | 20.09 | 15.93 | 33.30 | 1841 | 1596 | 13.72 | 15.04 | 28.84 | 20.82 | 18.28 | 13.46 | 14.93
C18:4n3 1.76 | 1.89 1.18 0.77 | 066 | 2.28 2.30 176 | 1.28 | 093 | 226 | 1.68 1.24 0.90 082 | 128 | 1.37 | 1.16 | 0.82 | 0.91
C20:0 0 0 0.39 0.50 | 0.55 0 0 0 0 0.44 0 0.39 0.46 0.57 0.61 0 0 0.19 | 051 | 0.40
C20:1 0 0.51 0.73 0.65 | 0.75 0 0 0.27 | 0.62 | 1.06 0 0.59 0.75 0.64 0.69 0 054 | 0.61 | 057 | 057
C22:0 0 0 0 0 0 0 0 0 0.14 | 0.30 0 0 0.30 0.32 0.33 0 0 0.17 | 035 | 0.32

Table 4.2: FAME composition of Scenedesmus sp. IITRIND2 grown in sea water.
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FAME (%)

NaCl concentration (g/L)

0 8.75 17.5
48h 60h 72h 84h 120h 48h 60h 72h 84h 120h 48h 60h 72h 84h 120h
C14:0 0.28 0.24 0.18 0.18 0.17 0.49 0.49 0.51 0.57 0.58 | 0.487314 0.49 0.48 0.52 0.50
C16:0 23.98 | 24.24 24.12 | 24.82 25.06 | 19.21 20.60 | 20.26 | 18.96 | 18.29 19.51 18.40 18.68 16.97 | 16.15
C16:1n9 0.58 1.16 1.09 1.22 1.15 1.50 1.80 1.74 1.73 1.75 1.16 1.33 1.39 1.38 1.43
Ci6
unknownl 1.28 041 0.22 0.10 0.11 1.96 1.54 1.74 1.74 1.61 151 1.40 1.49 1.50 1.43
C16:2 1.74 3.50 411 5.60 5.80 2.82 3.19 2.94 2.86 2.74 2.92 3.23 3.53 3.29 3.27
C16:3 4.45 4.11 3.96 3.19 3.15 4.18 3.87 3.87 3.79 3.81 3.80 3.86 3.98 3.95 4.06
C16:4 6.76 3.09 1.67 0.90 0.74 6.31 D:0 5.66 6.00 5.68 6.59 5.74 5.32 5.11 451
C18 1.82 2.29 4.01 4.82 4.89 1.20 1.40 1.33 1.24 1.25 1.33 1.28 1.26 1.20 1.13
C18:1n9 16.96 | 25.38 29.57 | 31.01 31.05 | 18.79 18.67 | 18.18 | 16.87 | 16.43 16.87 17.02 17.49 17.33 | 17.89
C18:1n7 0 0.52 0.42 0.41 0.43 0.60 0.59 0.55 0.60 0.59 0.69 0.83 0.90 1.04 1.25
C18:2n6 8.81 | 10.68 10.80 | 10.99 11.00 | 10.63 1192 | 1154 | 11.83| 1229 10.97 12.50 12.82 13.03 | 13.58
C18:3n3 3045 | 21.33 17.10 | 14.46 1412 | 28.78 26.79 | 2737 | 29.31 | 30.28 30.35 30.06 29.30 30.36 | 30.62
C18:4n3 1.76 1.89 1.18 0.77 0.66 1.77 1.66 1.60 1.75 1.78 1.83 1.60 1.49 1.40 1.23
C20:0 0 0 0.39 0.50 0.55 0 0 0 0 0 0 0 0 0 0
C20:1 0 0.51 0.73 0.65 0.75 0 0 0.43 0 0 0 0 0 0 0
C22:0 0 0 0 0 0 0 0 0.39 0.49 0.57 0 0 0 0.68 0.69

Table 4.3: FAME composition of Scenedesmus sp. IITRIND2 grown in exclusive NaCl supplemented media.
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Salinity FAME (%)
(g/L) Sea water medium
SFA MUFA PUFA
48h 60 h 72h 84h 120h 48h 60 h 72h 84h 120h 48h | 60h | 72h 84h 120h
0 26.08 27.77 28.70 30.32 30.67 17.55 27.05 31.40 32.88 32.95 53.97 | 44.61 | 38.82 | 35.91 | 35.47
+0.03 +0.05 +0.03 +0.04 +0.01 +0.12 +0.08 +0.18 +0.04 +0.19 +0.04 | £0.12 | £0.01 | £0.39 | +0.05
8.75 23.78 | 25.71 24.53 23.11 | 26.99 13.52 25.19 29.17 33.81 34.40 | 58.64 | 46.56 | 43.46 | 40.93 | 37.25
+0.05 | £0.01 +0.04 +0.02 +0.05 +0.01 +0.03 +0.15 +0.13 +0.07 | +0.03 | £0.01 | £0.02 | +0.04 | +0.02
175 24.01 30.01 28.99 31.53 30.77 14.93 27.99 32.78 32.85 32.05 57.44 | 40.09 | 36.58 | 34.43 | 35.9
+0.02 +0.04 +0.01 +0.12 +0.09 +0.18 +0.04 +0.27 +0.24 +0.13 +0.06 | +0.06 | £0.06 | +0.22 | 3+0.04
35 23.32 26.72 27.64 30.96 29.36 | 19.95 26.98 30.63 33.01 33.09 52.83 | 44.05 | 39.67 | 34.41 | 35.91
+0.04 +0.04 +0.02 +0.05 +0.07 +0.08 +0.13 +0.06 +0.05 +0.17 +0.07 | £0.02 | £0.12 | +0.02 | +0.09
NaCl medium
SFA MUFA PUFA
48h 60 h 72h 84h 120h 48h 60 h 72h 84h 120h 48h | 60h | 72h 84h 120h
8.75 20.90 22.48 22.49 21.26 20.70 20.28 22.06 20.47 18.59 8.19 54,50 | 52.97 | 52.99 | 55.54 | 56.59
+0.02 +0.01 +0.12 +0.08 +0.03 +0.18 +0.02 +0.01 +0.01 +0.04 +0.02 | +0.01 | £0.02 | +0.02 | +0.02
175 21.33 20.18 20.42 19.37 18.47 8.72 19.18 19.77 19.75 20.58 56.46 | 56.99 | 56.43 | 57.14 | 57.27
+0.01 +0.02 +0.01 +0.01 +0.02 +0.02 +0.02 +0.02 +0.02 +0.02 +0.03 | £0.03 | £0.04 | +0.04 | +0.05

Table 4.4: Temporal changes in SFA, MUFA and PUFA in response to salinity.
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The FAME content increased after the ammonium depletion (72 h) along with a
decrease in carbohydrates content in the microalga (Fig. 4.7). These results suggest that the
major driving force for FAME content accumulation in this microalga was nutrient depletion,
which has been extensively reported for various microalgae [252]. Furthermore, the decrease in
carbohydrates during the time period of 72 - 84h after initial increase indicated that the
immediate response to salinity stress in the microalga was accumulation of carbohydrates
(primarily a storage glucan), which later on converted to FAMEs. These results were in line
with the study carried out by Laurens et al. which suggested degradation of starch or other
storage polysaccharides providing metabolites for fatty acid synthesis in Scenedesmus sp.
[241].

4.4 Discussion

In recent years, the fresh water scarcity has increased from 69 % to 77 % along with
tripling of the water withdrawals [253]. Therefore, utilization of fresh water for cultivating
microalgae for biofuel production is unlikely without causing sustainability crises at the large
farm deployment envisioned; urging the use of saline waters for large scale deployment. This
necessitates the understanding of halotolerance molecular mechanisms in microalgae for the
development of genetic engineered halotolerant strains. Salinity stress generates ROS such as
H,0,, superoxide (O,") and hydroxyl (OH") that cause oxidative damage to the cells. However,
in order to deploy this strain for large scale cultivation in open raceway ponds, examining this
strain under appropriate environmental conditions for monitoring alleviations in carbohydrate
and lipid profiles that alter the cell composition and in turn permeability is crucial to
understand detailed mechanism of the adaptation in saline environments. Further, the
biorefinery concept integrating multiple products has become one of the crucial aspects to
produce sustainable and economically viable algal biofuels.

Hence, the microalgal strain; Scenedesmus sp. IITRIND2 was cultivated in seawater
using a customized photobioreactor to evaluate its potential for integrated bioethanol and
biodiesel production. The microalga adapted efficiently to 100 % sea water salinity but when
cultivated under exclusive NaCl (35 g/L), the microalga did not survive. Such cell toxicity can
be attributed to the high Na* ions which alters the K" selective ion channels on the algal cell’s
surface reducing the uptake of essential nutrients including phosphorous, iron and zinc thereby
inhibiting the growth [254]. Further, a high Na*/ K" ratio disrupts various enzymatic processes

in microalgae as K" is actively involved in protein synthesis. By consuming the inorganic salts
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microalgae regulates its biochemical composition for adaptation and more precisely for
modulation of its cell components. The major players that aid the microalgae to adjust to such
high levels of salts are carbohydrates and lipids. The carbohydrates accumulated in the
microalga serve as major organic osmotic solutes comprised of simple sugars (fructose,
glucose, mannose), sugar alcohols (glycerol and methylated inositols) and complex sugars
(trehalose, raffinose and fructans) [254]. In the present study, we examined the temporal profile
of monomeric sugars, solubilized after acid hydrolysis of polysaccharides in the biomass. The
microalga showed increased carbohydrate accumulation in all the sea water cultures and
control (no salt). These accumulated carbohydrates and especially simple sugars such as
glucose can be used for bioethanol production. Further, these sugars mitigate these effects by
metabolism and protection of both ROS producing and ROS scavenging pathways including
mitochondrial respiration, photosynthesis and oxidative pentose phosphate pathway [255].
Such high accumulation of carbohydrates in response to salinity stress have been reported in
various microalgae including Chlamydomonas sp., Chlorella emersonii, Dunaliella sp.,
Desmodesmus armatus, Mesotaenium sp., Scenedesmus quadricauda and Tetraedron sp.
[256,257]. The principal sugar was glucose irrespective of the culture medium, followed by
mannose and galactose. Presence of glucose in all the cultures indicated synthesis of glucose
polysaccharides like starch by the microalga, while mannose could have been synthesized to
form structural mannans (or gluco-mannans) in the cell wall or associated with glycoproteins in
the cell matrix [258,259]. The occurrence of galactose could have been derived from
galactolipids such as MGDG and digalactosyldiacylglycerol (DGDG) present in the
chloroplastic membranes or from [B(1-6) galactans present in the cell wall glycoproteins [258—
260]. Interestingly, presence of trace amounts of fucose and ribose in all the sea water medium
and detection of rhamnose and xylose exclusively in NaCl cultures suggested re-modulation of
microalgal cell wall or membrane composition in response to salinity as well difference
between the two (Fig. 4.3B). Since the cell membrane iis a semipermeable barrier between
cytoplasm and external medium it undergoes adaptive changes in the face of altered salinity
particularly in terms of carbohydrates/lipids. It has been reported that fucose is present
primarily as sulfated polysaccharides such as fucoidan and carrageenan in various marine
green, red and brown algae. These complex polysaccharides play a vital role in maintaining
selective cationic transfer in saline media thereby maintaining low Na® concentration in the
cytoplasm [261]. The presence of rhamnose and xylose in trace amounts has also been
observed in marine microalgae such as D. tertiolecta and Nannochloris atomus [262]. Thus, the
hierarchy of the sugar profile indicates that rhamnose and xylose may be synthesized under

extreme stress conditions which could be a survival strategy of microalga. Another counterpart
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apart from sugar is lipid, which can help microalgae to acclimate to high saline conditions
[164,165]. However, no significant change was observed in the FAME profile (reflecting
overall lipid composition) with respect to changes in the salinity (sea water or NaCl), indicating
that this microalga primarily modulates its carbohydrate response as opposed to lipid molecular
rearrangements in its initial stress response. Further, we observed an underlying lipid
quantitative response that can be attributed to the initial phase of nutrient stress (72-120 h), the

cultures experienced.

4.5 Concluding remarks

The present investigation sheds light on an aspect of adaptive mechanism of a
halotolerant microalgae cultivated in sea water with fluctuating light and temperature
conditions. The obtained results indicate significant changes in the carbohydrates which can be
attributed to the plasticity and survival mechanism of the microalgal cells under high saline
conditions. Further, the data provides a proof-of-concept for utilizing sea water instead of
exclusive NaCl as the latter was found to toxic to algal cells. These observations can serve as a
starting material for cultivating halotolerant strains in outdoor systems utilizing sea water or

brackish water obtained from coastal regions.
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CHAPTER 5

Delineating the differential metabolic responses of Scenedesmus sp. during

arsenic (111, V) mitigation

5.1 Introduction

Environmental metabolomics is an effective tool for analysing the changes in complex
biochemical mechanisms/pathways against the stress generating agents such as toxic chemicals,
heavy metals, extreme pH/temperature conditions [263,264]. Although couple of research
groups have attempted to unravel the metal induced proteomics changes on algal species,
[265,266] comprehensive metabolic studies delineating the metal induced stress response in
oleaginous and hyper-tolerant microalgae is still infancy.

In the investigation, a novel hybrid approach of arsenic (As) removal coupled with
biodiesel production potential using Scenedesmus sp. IITRIND2 cultivated in synthetic soft
water (SSW) was carried out. The tolerance of the microalga towards As (111) and As (V) stress
was compared to a control strain Scenedesmus abundans. NMR based metabolomics approach
coupled with various biophysical techniques were used to unravel the differential metabolic
profiles of a novel fresh water microalga (Scenedesmus sp. IITRIND2), when cultivated in the
presence of As (111) and As (V). Between the two microalgal species tested, Scenedesmus sp.
IITRIND2 was able to tolerate half-a-gram of both the forms of As (I11) and As (V) with a high
metal bioaccumulation factor (BAF) and can be categorized as hyperaccumulator of arsenic.
Variations in cell size, biochemical composition (proteins, lipids and carbohydrates) and
photosynthetic pigments indicated reduction in all the components while an apparent increase
in the lipid content on exposure to arsenic. Higher lipid productivity was obtained in As
stressed microalgal cells along with the fatty acid profile and biodiesel properties complying
with vehicular quality biodiesel. The results showed the metabolic responses it exhibited to
cope with the stress mechanism were significantly different between As (I11) and As (V), and
are more pronounced with As (V). These results unveiled differential metabolomic changes that
are characteristic of hyper-tolerance, mitigation and alteration of hosts signalling pathways
upon uptake of As (I11) and As (V).
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5.2 Materials and Methods

5.2.1 Microalgae cultivation

Scenedesmus species IITRIND2 and the control species was Scendesmus abundans
(NCIM 2897) maintained in modified Bold’s Basal medium (BBM) as described in Chapter 2,
section 2.2.2. To perform the experiments both the microalgal strains were adapted and
cultivated in SSW. SSW had the following composition (g L™): NaNOs (0.25); KH,PO, (0.25);
MgCl,. 6H,0 (12.16); CaCl,.6H,0 (17.5); Ca(NOs3),.4H,0 (3.54); CaCO;3; (0.093); Na,SO4
(16.33); KHCO3 (2.5); NaHCO5 (1.678) [267]. Arsenic stock solutions (10 g L™) were prepared
by dissolving salts of NaAsO, (As-lll) and Na,HAsO4.7H,O (As-V) in sterilized distilled

water.
5.2.2 Experimental Design

Arsenic tolerance was estimated by cultivating both the microalgae separately in SSW
with different As (I11) and As (V) concentrations ranging from 10-1000 mg/L. The inoculum
was prepared by cultivating the microalgal strains in 250 mL Erlenmeyer flasks containing 75
mL of culture for 96 h (log phase) in SSW at 27 °C, with a photoperiod of 16: 8 h light- dark
cycle irradiated with 6 white fluorescent lights (300 umol m™ s™) was centrifuged at 6000 x g
for 10 min. The cell pellet (1 X 10° cells/ml) was washed thrice with autoclaved distilled water
and then re-suspended for inoculation. All the experiments were performed in triplicates and
the sample analysis apart from the arsenic removal DCW were calculated on the 10" day.
Statistical analysis was done using two-way ANOVA (Graph pad V7) and p <0.05 was taken as
significant. For the biochemical, biophysical and NMR analysis, 500 mg/L As (111) and As (V)

concentrations have been taken for evaluating the respective characteristics of the microalga.

5.2.3 Arsenic speciation analysis

The visual MINTEQ computer program was used for analysing As (I11) and As (V)
speciation. As pH controls the oxidation states of arsenic speciation, a range of 7 to 8.8 pH was
taken to evaluate their distribution as the experimentally observed pH values for the culture

media were in the range of 7.2-8.2 (https://vminteq.lwr.kth.se).
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5.3.4 Estimation of arsenic toxicity and tolerance by microalgal species

The toxicity of As (l11) and As (V) to both the microalgal strains was determined using
a 96 h growth inhibition bioassay [83]. After 96 h, the growth of algal cells was measured by
counting cell number using Neubauer chamber. The 50 % inhibitory concentration (ICsp) was
then calculated using a non-linear regression equation [83]. The microalgal biomass was
harvested after every 48 h and the cell pellet was vacuum dried at 80 °C for 2 h. The dried
biomass obtained was then gravimetrically weighed and dry cell weight (DCW) was calculated.

ICP-MS was used to estimate the amount of arsenic (I11, V) left in the SSW after 10
days of algal growth. The concentration of arsenic was calculated by plotting a standard curve
from different concentrations (0, 10, 20, 50, 100, 250, 500 mg/L) of As (I11) and As (V) using a
mixture of Rh, Ge, Ir (100 mg/L) as internal standard. The metal uptake capacity was evaluated

using the following equation:

Metak uptake capacity (%)

Initial metal conc.in medium — Final metal conc.in medium

= 100
Intial metal conc.in the medium )

Metal removal (%)

(Initial metal conc. in medium — Final metal conc. in medium)
P DCW

* Volume of sample

. _ Arsenic conc. in the algal DCW
Bioaccumulation factor (BAF) =

Intial metal conc.in medium

5.2.5 Estimation of changes in biochemical composition of Scenedesmus sp. I TRIND2

The biochemical composition of untreated and treated microalgal cells was analyzed
using elemental CHNS analyzer (Thermo Fisher, USA). Total carbohydrate content was
calculated using phenol sulfuric method [173], total proteins by multiplying the total nitrogen
concentration by 6.25 (nitrogen to protein conversion ratio) and total lipids content were
estimated using modified Bligh and Dyer method [171]. The photosynthetic pigment estimation
was done as described in Chapter 2, section 2.2.7.
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5.2.6 Transesterification, fatty acid profile and biodiesel properties determination

Transesterification was carried out using 6 % methanolic H,SO,, fatty acid profile
estimated using GC-MS and the biodiesel physical properties were calculated as per the

protocol detailed in Chapter 2, section 2.2.6.

5.2.7 Characterization of arsenic interaction and morphological changes in Scenedesmus
sp. ITRIND2

The adsorption of arsenic on to the microalga was analyzed by FT-IR spectroscopy
(Thermo Nicolet NEXUS, Maryland, USA) at 400-4000 cm * wavenumber range and FE-SEM
with EDX (FE-SEM Quanta 200 FEG) as described in Chapter 2, section 2.2.2. AFM analysis
(NT-MDT-INTEGRA) was performed to visualize the changes in the surface morphology of
arsenic spiked microalgal cells. Briefly, the microalgal cells (2 X 10°) were fixed on poly-L-
lysine coated glass slides using 2.5 % glutaraldehyde (24 h in dark at 4°C) followed by
dehydration (100-10 % ethanol).

5.2.8 NMR based metabolomics and multivariate analysis

The metabolites corresponding to the control, As (llI) and As (V) cultures were
extracted according to protocol reported by Zhang et al. [199] with few modifications. In detail,
40 mg of lyophilized microalgal biomass (harvested on 10" day) was grounded with liquid N,
using 1 ml of 20 % methanol. The process was repeated twice; supernatant was pooled together
and lyophilized for overnight. Lyophilized samples were reconstituted in phosphate buffer (0.1
M, pH 7.4) and the samples were re-lyophilized again for further processing. The lyophilized
samples were dissolved in 550 uL of D,O containing a chemical shift indicator (4,4-dimethyl-
4-silapentane- 1- sulfonic acid (DSS), 0.5 mM). All proton NMR spectra were acquired on an
800 MHz NMR spectrometer equipped with cryoprobe. Chemical shifts in the 'H NMR
spectra were identified and assigned using the 800 MHz chemical shift database in Chenomx
Profiler and were further confirmed by comparing it with the other databases and literature
report [200,268].

For multivariate data analysis, the NMR spectra were integrated, normalized against
internal standard area of DSS, and the data were reduced into spectral bins (0.03 ppm width)
using Pathomx [198]. The resultant data was imported into Metaboanalyst (v3.0) software for

multivariate data analysis [270]. Principal component analysis (PCA) and statistical
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significance was determined by two-way analysis of variance (ANOVA) followed by post hoc
Tukey’s test in Metaboanalyst [270]. Additional information regarding the NMR spectral
parameters, box plots and hierarchical cluster analysis as per the procedure detailed in chapter
3, section 3.2.4.

5.3 Results

5.3.1 Quantifying the arsenic removal and biochemical composition changes in arsenic
(111, V) spiked Scenedesmus sp. IITRIND2

To investigate the maximum arsenic tolerance in Scenedesmus sp. IITRIND2 as
compared to control species (Scenedesmus abundans), the green microalga strains were
cultivated at different concentrations of As (11, V) ranging from 10-1000 mg/L separately (Fig.
5.1).

Scenedesmus sp. IITRIND2 Scenedesmus abundans
As (I1I)

Fig. 5.1: Scenedesmus sp. HTRIND2 and S. abundans grown in SSW supplemented with
different concentrations (0-500 mg/L) of As (l1) and As (V).

Between the two strains, Scenedesmus sp. IITRIND2 was able to tolerate up to 500
mg/L of both As (I11) and As (V) with an ICs value of ~ 779 and 622 mg/L, while S. abundans
growth gradually decreased with increase in arsenic concentration and ceased at 100 mg/L by
exhibiting an 1Csy value of 40 and 31 mg/L for As(I1l) and As (V) respectively (Fig. 5.2A-B).
The above results also indicated the higher toxicity of As (V) to As (Ill) in the microalga.

Further, the As (Ill, V) uptake efficiency and bioaccumulation factor reduced ~ 10-20 % for
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Scenedesmus sp. ITRIND2 upon increasing their concentration from 10-500 mg/L in the
IITRIND2 was

properties and

growth media (Fig. 5.2C). Based on all of the above results, Scenedesmus sp.
used to evaluate the effects of As (lll, V) on its physiology, biochemical
metabolic activity.
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Fig 5.2: (A) Dry cell weight (B) 1Cs value of Scenedesmus sp. IITRIND2 and S. abundans in
the presence of 10- 500 mg/L of As (I11) and As (V). (C) Arsenic removal and bioaccumulation
factor (D) Changes in total lipid, carbohydrates and protein content after 10 days. (* p <0.05,

**p <0.01, *** p <0.001, ns- not significant).

As arsenic (111, V) is a toxic heavy metalloid, its uptake by the microalga will induce
stress and thus influence most of its physico-chemical, biochemical and morphological
characteristics. Interestingly, cell size, specific growth rate and doubling time were almost
unaffected in arsenic spiked cultures (Fig. 5.3). However, As (111) spiked cultures showed ~ 15
% increase in its doubling time compared to control, which is an offshoot of its slightly lower
growth rate as compared to control (Fig. 5.3). Arsenic (1, V) spiked microalgal cells showed
decline in protein and carbohydrate and an increase in total lipid content indicating that the alga
has tolerated the arsenic induced stress conditions by altering its biochemical compositions.
Further, the stress levels are higher for As (V) in comparison to As (l11), when viewed as a
combination of both protein and carbohydrate content against the total accumulated lipid (Fig.
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5.3). The total protein and carbohydrate content was reduced from 72 % in control to 56 % in
As (I11) and 49 % in As (V) spiked species (Fig. 5.3). These results also represent the higher
toxicity of As (V) compared to As (l11). The analysis of the photosynthetic pigments indicated
approximately 1.2 fold decrease in chlorophyll a and chlorophyll b and unaltered levels of
carotenoids in the arsenic spiked microalgal cultures, signifying that arsenic hampered the

photosystem to a certain extent but did not cause chlorosis (Fig. 5.3).
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Fig. 5.3: (A) Percentage removal of As (l1l) and As (V) by Scenedesmus sp. IITRIND2 and S.
abundans cultivated in SSW at the end of tenth day. Effect of arsenic (11, V) on (B) Growth
rate, doubling time and cell size; (C) Photosynthetic pigments content of Scenedesmus sp.
IITRIND2 after a growth period of 10 days (* p<0.05, ** p<0.01, *** p<0.001).

5.3.2 Arsenic speciation in water with respect to changes in pH

As ~70-73 % arsenic removal in Scenedesmus sp. IITRIND2 was recorded, the
distribution of arsenic species with pH was studied as the nature of arsenic species strongly

influences its removal profile [271]. Arsenite or As (I11) can be present as H3AsOj3 (neutral),
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protonated forms (HsAsOs;") and deprotonated forms (H,AsOs, HAsOs? AsO3?) while
arsenate or As (V) is present as H3AsO,4 and deprotonated forms (H.AsO4, HAsO,?, AsO,) in
ground waters respectively [271]. The distribution of both As (I11) and As (V) species within
pH range of 7 to 8.8 as the observed pH values for the culture medium initially on the 1% day
was 7.2, and the final pH of the culture medium on 10™ day was around 8-8.2 respectively.
According to the speciation diagram for As (I11), ~99-90 % were present in H3AsOs in the pH
range 7 to 8.2 as As (I11) has a pKa 9.2 (dissociation constant) (Fig. 5.4A and Table 5.1). As
(V) primarily present in its deprotonated forms H,AsO, and HAsO, in the chosen pH range 7
to 8.2. At pH 7, both these species exist almost at the same concentration. An increase of pH
sharply shifts the population of H,AsO4 to HAsO4™ (~ 53 to 95 %, pH 7.0 - 8.2) at the end of
the experiment (Fig. 5.4B and Table 5.1). Thus, the speciation analysis suggested that both the
As (1) and As (V) exists in multiple protonated/deprotonated forms under the culturing

conditions, and the inter-conversion of the As (V) species is more pronounced due its inherent

pKa values.
pH As (111) As (V)
H3AsO; H,AsO5 HAsO,” | H,AsO, | AsO,”

6 99.93 0.068 11.27 88.71 0
6.2 99.89 0.107 16.92 83.06 0
6.4 99.83 0.17 24.69 75.29 0
6.6 99.731 0.269 34.61 65.39 0
6.8 99.57 0.427 46.08 53.92 0

7 99.304 0.696 53.248 46.75 0
T2 98.901 1.099 64.35 35.648 0
7.4 98.27 1.73 74.097 25.899 0
7.6 97.286 2.714 81.926 18.068 0
7.8 95.765 4.235 87.776 12.214 0.01

8 93.451 6.549 91.913 8.07 0.017
8.2 90.003 9.997 94.724 5.247 0.028
8.4 85.031 14.969 96.578 3.376 0.046
8.6 78.186 21.814 97.77 2.156 0.074
8.8 69.339 30.661 98.511 1.371 0.118

Table 5.1: Distribution of Arsenic (111, V) species in water with respect to pH.
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Fig. 5.4: Arsenic speciation analysed by MINTEQ program with respect to changes in pH (A)
As (111) (B) As (V).

5.3.3 Effect of arsenic stress on fatty acid profiles and biodiesel properties

To analyse the vehicular quality of biodiesel, fatty acid profile and biodiesel physical
properties were estimated. The major fatty acids present in Scenedesmus sp. IITRIND2 ranged
from C16-C18 with palmitic acid (C16:0), stearic acid (C18:0); oleic acid (C18:1) and linoleic
acid (C18:2) as major constituents (Fig. 5.5). Interestingly, oleic acid was present in maximum
proportions in the selected microalgal strain cultivated in arsenic accounting for approximately
55-65 % of total FAMEs. FAMEs data showed that cultivation of arsenic increased the SFA,
MUFA and PUFA content in both the microalgae as compared to control. The biodiesel derived
from the microalgae cultivated in As (I11) and As (V) had a low cetane number with high cold
flow, plugging properties, cloud point and pour point as compared to control (Table 5.2). All
the biodiesel properties were in compliance with the biodiesel standards (ASTM D6751-52 and
EN14214) and comparable to plant oil methyl esters (JME and PME) signifying its potential
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use in diesel engines (Table 5.2). Further, the higher oxidative stability of the obtained

biodiesel from microalgae cultivated in arsenic indicated longer shelf life.
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Fig. 5.5: FAME profile Scenedesmus sp. ITRIND2.

Standard fuel Scenedesmus sp. ITRIND2 Plant oil methyl
Physical properties parameters esters
ASTM EN As (111) As (V) JME PME
D6751-52 14214
Saponification value - - 174 139 96 49
(mg KOH)
lodine value - 120 (max) 82 54 - -
(g 1,/100g)
Cetane number 47 min 51 (min) 57, 72 &/ 42
Degree of unsaturation - - 95 59 - -
(% wt)
Long chain saturation - - 6 4 - -
factor
(% wt)
High heating value - - 41 42 - -
(MJ/kg)
Cold flow plugging = <5/<-20 -5 -3 =2 13
property
)
Cloud point (° C) -3t0 12 - 2 5 4 31
Pour point (° C) -15to16 = -5 -2 -3 23-40
Kinematic viscosity 1.91t06.0 3.5t05.0 4.3 4 4.3 4.5
(mm?/s)
Density - 0.86 t0 0.90 0.87 0.87 0.88 0.92
(g/em®)
Oxidative stability (h) - >6 9 24 4 16

Table 5.2: Summary of the biodiesel physical properties of Scenedesmus sp. ITRIND2 obtained in the

current study.
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5.3.4 Effect of arsenic on morphology and cell surface of Scenedesmus sp. IITRIND2

The FE-SEM micrographs of As (l11) and As (V) spiked Scenedesmus sp. IITRIND2
suggested that the microalgal cells maintained their ellipsoidal shape (Fig. 5.6A-C). However,
the surface of the cells appeared more ruptured, rough with ridged textures as compared to
control cells which were smooth (Fig. 5.6A-C). The resultant rigid texture of algal cell spiked
with arsenic can be attributed to the adsorption of arsenic on to the cell surface, which has been
confirmed by EDX spectrum (Fig. 5.6D-F).

AFM imaging was also performed to visualize changes in the cell surface exposed to
arsenic. As shown in Fig. 5.6G-1, the AFM image (3D) of cell surface of control was smooth
without drops, while on treatment with arsenic (l11, V), the surface of the cell became rough,
irregular with frequent drops throughout. Thus AFM analysis further validated the aberrations

caused by As (111) and As (V) to the surface of microalgal cells.

Control

ull Scale 1650 cts Cursor: 0.000 00

As (1ll)

Fig. 5.6: FE-SEM (A-C) EDX (D-F) analysis and (G-1) AFM of Scenedesmus sp. IITRIND2.
Control - (A,D,G); As (IIl) - (B,E,H); and As (V) - (C,F,I). The images were collected at a
concentration of 500 mg/L of As (111, V).
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5.3.5 Interaction between arsenic and microalgal cell surface

The green microalgae cell wall possesses distinct functional groups (O-, N-, S- and P-)
that helps in binding of heavy metals onto its cell surface [272]. Heavy metals also bind to
microalgal cell wall via phytochealtins, which aids in detoxification of heavy metal [273]. FT-
IR spectroscopy was performed to identify the functional groups involved in the biosorption of
arsenic onto the microalgal cell surface (Fig. 5.7). The FT-IR spectra of Scenedesmus sp.
ITRIND2 unloaded and loaded with arsenic indicated shifting of various peaks. A shift in
3307 cm™ in control to 3428 cm™ in As (II1) and 3419 cm™ As (V) microalgal biomass
indicated complexation of arsenic with O-H and N-H stretching of algal biomass. The presence
of peaks at 2921 cm™ in arsenic loaded samples designated interaction of arsenic with aliphatic
C-H and aldehyde C-H stretching. The absorption peak at 1660 cm™ in unloaded arsenic
microalgal biomass shifted to 1641 cm™ in As (111) and to 1651 cm™ in As (V) loaded biomass
suggesting complexation of amide group (N-H and C=0 stretching) with arsenic. Shift in peak
from 1058 cm™ in non-spiked biomass to 1039 cm™ in arsenic spiked biomass attributing to the
C—N stretching vibrations of amino groups indicating interaction between nitrogen of amino
group with arsenic (Fig. 5.7). Such a differential characteristic peak(s) shifting of hydroxyl,
carboxyl and amide groups observed in As (I1l) and As (V) spiked microalgal biomass with
respect to control indicate an distinct ion-exchange interaction between the algal surface with
As (111, V) [75,76,274].

As (I") 889 578
100 -

Transmittance (%)
(=]

[=:]
o

2930 —1660 1058

3000 2000 1000

Wavenumber (cm '1)

Fig 5.7: FTIR profiles of Scenedesmus sp. IITRIND2 cultivated in the control and presence of
500 mg/L As (111) and As (V).
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5.3.6 Metabolic changes observed in Scenedesmus sp. ITRIND2 upon exposure of As (111)
and As (V)

The biophysical and biochemical characteristics clearly indicated that As (I11) and As
(V) produces differential cellular responses in algal cells. In order to gain in depth insights on
the variable effects of As (I1I) and As (V) on Scenedesmus sp. IITRINDZ2, the metabolites
obtained from aqueous methanolic extract of microalgal were analyzed using proton (*H) NMR
spectroscopy. The cumulative *H-NMR spectra (n=6 replicates) of Scenedesmus sp. ITRIND2
control polar extracts stacked up with that of cultures spiked with As (I1l) and As (V) metal
systems is shown in Fig. 5.8A respectively. A total of 45 metabolites were identified which
composed of carbohydrates/sugar (5), amino acids (17), organic acids (7), phosphagen (2),
nucleotides (2), osmolytes (3) and others (9) respectively (Table 5.3). Further, the assignment
of 'H NMR data showed clear differences in the peaks of carbohydrates (sucrose, glucose,
mannose), amino acids (leucine, alanine, valine, serine, cysteine), ATP, organic acids
(fumarate, succinate, citrate, acetate) and nucleotides in control as compared to As (111) and As
(V) algal extracts, and also between the two arsenic species (Fig. 5.8A). To validate these
variabilities across the three treatments, multivariate analysis was performed using PCA (Fig.
5.8B). The PCA analysis showed statistically significant clustering of the six biological
replicates and distinct differences between the control and arsenic treated algal samples, as well
as between As (I11) and As (V), assuring a differential metabolic profiling in all the three cases
(Fig. 5.8B). The PCA loadings plot revealing metabolites responsible for the discrimination
pattern was provided in Fig. 5.8C along with the assignment of few relevant metabolites.
Univariate analysis was further performed to identify the relative change in the metabolite
levels. Representative box-cum-whisker plots derived from the univariate analysis are shown in
Fig. 5.9, which clearly revealed the quantitative variations of relative signal integrals for algal

metabolites in response As (I11) and As (V) treatment.
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Fig. 5.8: (A) The cumulative 1D *H NMR spectra (n=6) of Scenedesmus sp. ITRIND2 control
polar extracts (blue) stacked up with that of cultures spiked with As (111) (red) and As (V)

(green) metal systems. The spectral peaks were assigned for particular small-molecule

metabolites. The water region at ¢ 4.6-4.9 was removed for clarity. (B) The combined PCA 2D

score plot resulted from the analysis of 1D *H CPMG spectra of Scenedesmus sp. IITRIND2

exposed to different metal treatments over a period of 10 days (green = Control; blue = As

(1) spiking; red = As (V) spiking. The semi-transparent red and blue ovals represent the 95%

confidence interval. (C) PCA loadings plot revealing the metabolites of responsible for the

discrimination pattern, the more the metabolite is away from the origin (0,0) more it

contributes in the group discrimination.
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Metabolite Name Assignment Chemical Relative Change*
shifts (8) in As (1) Spiking vs As (V) Spiking
ppm Control vs Control
Amino acids
Leucine 5-CH3 0.95 (d) T ™
3-CH3 0.96 (d) €
Isoleucine y-CH3 0.93 ()€ 1 M
3-CH3 1.00 (d)
Valine y-CH3 0.98 (d) -- ™
y-CH3 1.03 (d) €
Threonine y-CHs 1.29 (d) € = 0
Alanine B-CHs 1.47 (d)€ 1 ™
a-CH 3.79(q)
Proline y-CH2 2.00 (m) € 1 ™
Y% B-CH2 2.06 (m)
1, B-CH2 2.34 (m)
Glutamate B-CH, 2.11 (m)°¢ B ™M
v-CH; 2.34 (m)
Glutamine B-CH, 2.12 (m) - 0
y-CH, 2.44 (m) €
N,N-Dimethylamine N-CH; 2.71 (s) -- 0
(DMA)
Sacrosine N-CH; 2.72 (s) 0 ™
N,NN,- N-CHs 2.86 (9) 1 1
Trimethylamine
(TMA)
Glycine a-CH, 3.56 () T ™
Cysteine 1-CH2 3.07 (m) T ™
I-CH 3.97 (dd) €
N,N-dimethylglycine N-CH3 3.71(s) i ™
Tyrosine C2H & C6H 6.88 (d) € ™M 1
C3H & C5H 7.18 (d)
Phenylalanine C2H & C6H 7.31 (m) T T
C4H 7.37 (m)
C3H & C5H 7.43 (m)€
y -glutamy!I- C2H, C6H & 7.3(m)° 1 ™
phenylalanine C4H
C3H & C5H 7.4 (m)
Organic acids
Lactate S-CHs 1.32 (d) ™ T
a-CH 4.10 (q) €
Acetate CH; 1.91 (s) - T
Glutarate B, 8- CH2 2.16 () - T
Succinate a, B-CH, 2.39 (s) -- T
Citrate Y y-CH2 2.52 (d)€ -- 0
15 y-CH2 2.69 (d)
Fumarate CH 6.51 (s) T T
Formate CH 8.44 (s) ™ ™
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Metabolite Name Assignment Chemical Relative Change*
shifts (8) in As (111) Spiking vs As (V) Spiking
ppm Control vs Control
Carbohydrates/sugar
Sucrose C10H 3.46 (1)
C12H 3.55 (dd) 0 ™M
C13H 3.66 (5)
Cl11H 3.75 (m)
C17H & C19H 3.77 (m)
C5H & C9H 3.81 (dd)
C4H 4.04 (t)
C3H 4.21(d)€
C7H 5.40(d)
a-Glucose C1H 4.63 (d) T ™
B-Glucose C1H 5.22 (d) % ™
Mannose/Trehalose C1H 5.19 (d) 1 0
Glucose-1-phosphate C1H 5.55 (d,d) ™ T
Phosphagen
Choline/PC N—(CHs); 3.20 (s) T ™
GPC N—(CH3); 3.22 (s) T )
Osmolytes
Glycerol V5 y-CH2 3.63 (d)€ 0 ™
Y5 y-CH2 3.65 (d)
Betaine N—(CHs)3 3.26(s) L) "
B-CH, 3.91 (s)
TMAO N—(CHs); 3.27(s) € NS 1
Nucleotides
Adenine C2H 8.19 (s)© -- s
CéH 8.19 (s)
ATP C7H 8.61(s)¢ ™M ™
C12H 8.25 (S)
C2H 6.13 (d)
Others
Isopropanol S-CHs 1.16 (d) -- --
Ethanol CH3 1.17 (t) - ™
3-hydroxy- y-CH3 1.24 (s) 1 ™
isovalerate
Acetone CH; 2.22 (s) - T
Aceto-acetate 5-CH3 2.3 (s) - T
N,N-Dimethyl- N-CH; 2.85 (s) -- T
formamide (DMF)
Ethanolamine N-CH, 3.13(m) i ™
Methanol CH,4 3.34 (s) 0 ™
Hydroxy-benzoate C2H & C6H 7.02 (d)€ 1 W
derivative C3H & C5H 7.79 (d,d)

represented.
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Table 5.3: List of metabolites along with their respective chemical shifts and their respective
metabolic change patterns as a consequence of uptake of Arsenic Ill and V. Two-way ANOVA
followed by post-hoc Tukey’'s HSD was conducted to determine significant (p < 0.001) metabolic
changes. The up (1) and down () arrows represent, respectively, increased and decreased metabolite

levels. “€” represents the metabolite peak used for evaluating the quantitative difference as
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Fig. 5.9: The box plots showing relative abundance of some of the metabolites showing
significant variation after As (111) and As (V) spiking compared to normal algal culture. In the
box plots, the boxes denote interquartile ranges, horizontal line inside the box denote the
median, and bottom and top boundaries of boxes are 25" and 75™ percentiles, respectively.

Lower and upper whiskers are 5" and 95" percentiles, respectively.

The quantitative data of significantly altered algal metabolites were visualized using
quantitative NMR analysis and hierarchically clustered heat maps to discern the dissimilarity
between the three experimental groups (Table 5.2, Fig. 5.10). The results clearly established
that the As (V) treated group is remarkably different in terms of the expression levels of
metabolites compared to control and As (II1) treated groups (Fig. 5.10, Table 5.3). Based on
the NMR metabolic data, it is evident that the levels of the metabolites including amino acids,
organic acids, sugars and osmolytes are distinct between As (l11) and As (V) species. A two
fold increase in the levels of free amino acids such as leucine, isoleucine, valine, alanine,
sarcosine, glutamate, glutamine, proline and cysteine was recorded in As (V) treated microalgal
cells in comparison to As (I11) treatment (Table 5.3). The levels of the remaining amino acids
were same while tyrosine levels were lower in As (V) as compared to As (lll) spiked
microalgal cells. Analogous to the results of the free amino acids, the levels of organic acids
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(acetate, succinate, citrate and formate) and carbohydrates (sucrose, glycerol, glucose) were
higher in As (V) spiked cells as compared to As (111).

class class
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Mannose/Trehalose 2
TMAO ,
Acetone

Proline

Leucine -1
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Fig. 5.10: Heat maps showing z-scores of discriminatory metabolite entities altered in either As
(111) or As (V) spiking compared to control algal culture. X-axis represents the replicates of the
culture (Control — lane (1-6) - red bar (A); As (l11) — lane (7-12) - green bar (B) As (V) — lane
(13-18) - blue bar (C). The colour scheme through signifies the elevation and reduction in
metabolite concentration in As (I11) or As (V) spiking compared to normal algal culture: dark
blue: lowest; dark red: highest.
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Interestingly, the arsenic treated cells showed decline in betaine and TMAO content,
with As (I1I) showing more decrease than As (V). Thus, the above metabolic responses
established that As (V) is more toxic to the microalgal cells as compared to As (llI).
Furthermore, these metabolic levels were incoherence with the biochemical analysis results
which showed a drastic increase in lipid content in arsenic treated cells as escalation in the
levels of ethanolamine, glycerol and citrate were recorded in As (I11) and As (V) spiked cells
with two fold higher expression in the latter (Table 5.3). Ethanolamine has been recently
reported to act as a trigger for lipid accumulation in microalgal cells while glycerol forms
backbone of fatty acids [131]. Citrate on the other hand is a substrate for acetyl CoA which is a
precursor for fatty acid synthesis [109]. In line with the observed metabolite as a lipid
accumulation trigger, the lipid yields reported under As (lll, V) stress conditions clearly
showed an increase in the total lipid content (Fig. 5.2). Increase lipid accumulation has also
been observed in various microalgal species such as C. minutissima, C. protothecoides, S.

obliquus when exposed to other heavy metal stress [129,138,275,276].

5.4 Discussion

Arsenic is a natural metalloid that has been recognized as a major carcinogen. Its
exposure even in small quantity can lead to cancers and adverse health effects [25]. In the past
decade, there has been a considerable increase in arsenic levels in the aquatic ecosystems.
Unfortunately, the physico-chemical methods deployed for arsenic removal are costly, result in
large arsenic laden discards and are specific to arsenic speciation as As (1, V) are present in
various anionic and neutral forms (Fig. 5.4, Table 5.1) [277]. pH is one of the major constraint
for such an interconversion among the arsenic species, in comparison to conversion between
As (V) and As (I1) in a growth media/natural habitant conditions. In this regard, microalgae
can serve as propitious renewable “green alternative” for bioremediation of arsenic from water
sources as it can efficiently remove both As (V) to As (I1) irrespective of its inter and intra
speciation events.

Although microalgae bioremediates all the arsenic species, the mechanism by which it
mitigates the two different arsenic forms is different. Indeed, previously it has been reported
that As (I11) gets converted to DMA and MMA, whereas As (V) reduces to As (111), DMA and
MMA respectively (Fig. 5.11). The reduction of As (V) to As (111) reduces the cellular toxicity

levels and also decreases As (V) interference as a phosphate epitope [278,279].
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Fig. 5.11: Schematic of arsenic adsorption and metabolism by fresh water microalgae

The current study is an attempt to delineate the differential biochemical and metabolic
responses of microalgae that are capable of tolerating and mitigating high quantities of both As
(11 and As (V) forms. The Scenedesmus sp. IITRIND2 turned out be hyper-tolerant and
effective remediator of arsenic in both forms as compared to control species (S. abundans).
Scenedesmus sp. ITRIND2 was comparable to the hyper-accumulator ferns such as Pteris
vittata L., Pteris cretica (albo-lineata, mayii and parkeri) which can uptake ~1114 to 4360
pg/g DCW arsenic in their fronds [280]. The biochemical analysis of algal cells evidenced that
the loss of protein and carbohydrate content under As (V) stress is much higher than of As (111),
indicating the toxic nature of the As (V). Further, the unaltered levels of carotenoids in arsenic
spiked microalgal cells as compared to control indicated healthy state of photosynthetic
apparatus and in turn algal tolerance to the metalloid. Carotenoids play a crucial role in
deactivating excited triplet chlorophyll, quenching the ROS species generated within the cell
during stress thereby protecting the photosynthetic apparatus and aiding cell survival [281]. It
is well documented that exposure of heavy metal to microalgae causes cellular oxidation stress
due to formation of ROS such as H,0,, OH", O, [273,282].

The comprehensive NMR based metabolic profile supported the gross features obtained
from physico-chemical analysis which provided deep insights into the cellular signaling events
in order to formulate a mechanism for algal based arsenic bioremediation. An apparent increase
in all the three branched chain amino acids (leucine, isoleucine and valine) was observed which
could be due to suppressed protein biosynthesis/catabolism in arsenic treated algal cells. An
increase in these amino acids indicated perturbation in acetyl-CoA biosynthesis or glycolysis
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due to arsenic stress. Escalation in differential levels of glucogenic amino acids (isoleucine,
phenylalanine, tyrosine, glutamine, valine, and proline) were evident in arsenic spiked cultures,
and were more prominent on As (V) spiking. Moreover, a distinct peak of
choline/Phytochelatins and GPC was observed in the *H NMR spectra of arsenic spiked
microalgal cells. Phytochelatins (PC) plays all three essential roles in metal bioremediation; (a)
helps in metal binding, (b) act as antioxidant and (c) assist in signaling thereby protecting the
algal cell from deleterious effect of heavy metal [273]. Differential shifting of functional
groups in FT-IR spectra between As (IlIl) and As (V) combined with distinct levels of
choline/PC observed through NMR evidences the distinct binding mitigation pathways of these
two arsenic species by microalgae.

Additionally, the elevated levels of sarcosine, glycine, valine, glutamine under arsenic
stress may contribute towards the complexation of arsenic to the algal biomass [129]. Proline
content was drastically increased in As (V) spiked algal cultures followed by As (IlI) as
compared to control, thereby supporting the fact that As (V) to be more toxic than As (l11).
Proline has diverse roles during stress such as it acts as a metal chelator, osmoprotectant,
inhibitor of lipid peroxidation, ROS scavenger and has antioxidant properties [135]. The excess
levels of proline in As (V) cultures depict the intraconversion of arsenic As (V) to As (l1I),
which is essential to counteract on ROS mediated oxidative damage [266]. Under oxidative
stress, the microalgal cell starts generating components such as ascorbate, glutathione (GSH or
GSSG) and pyridine nucleotides (NAD'/ NADPY) to combat this stress [273]. These
components also protect the cell by scavenging ROS species thereby aiding in cell survival.
The metabolomics profile showed an increase in the levels of cysteine, glutamine and
glutamate in arsenic spiked cultures as compared to control, with more elevation in the As (V)
cultures [279]. These results also point out that the algal cells have a great metabolic flexibility
to adjust and to acclimatize towards stress conditions. Earlier, studies on the changes in the
proteome of microalga in response to arsenic stress also reported an increase in the expression
of glutamine synthetase which catalyzes the conversion of glutamate to glutamine
[265,266,283].

Parallel to changes in the amino acids, Scenedesmus sp. IITRIND2 showed attenuations
in various sugars and organic acids in response to arsenic (I1l, V) (Table 5.3). An increase in
soluble sugars was recorded in arsenic spiked microalgal cells due to perturbations in the
carbohydrate metabolism. High levels of sucrose, o/p-glucose were observed in As (V)
cultures as compared to As (I11). Similar increase was also observed for glycerol (osmolytic
polyol), which maintains a carbon pool during stress conditions to protect the photosystem

[283]. Carbohydrates and polyols also act as osmo-protectants and helps to stabilize the cell
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membrane [284]. Interestingly, the organic acids showed significant differences in their level of
increase in As (I11) and As (V) spiked cultres as compared to control. Levels of several of the
organic acids such as succinate, citrate, acetate, and glutarate levels are unchanged upon As
(1) spiking and enhanced substantially upon As (V) spiking. Organic acids such as citrate and
fumarate plays an essential role in Krebs cycle with citrate acting as a detoxifying molecule by
quenching the metal ions while fumarate on the other hand limits the deleterious effects of the
heavy metal [135]. The increase of fumarate in both As (Ill, V) spiked cultures, and the
selective enhancement of organic acids in As (V) spiked cultures showed that algal cells used
additional mechanisms to cope of with its toxicity, and for its efficient bioremediation by
protecting its cellular mechanisms and powerhouses.

The levels of ATP were also heightened in arsenic spiked cultures, which could be due
to increase in the respiration rates during stress and decrease in the photosynthetic activity
[266,285]. Interestingly, the arsenic toxicity and the levels of betaine and TMAO showed
negative correlation, which could be due to increase in free amino acids and other osmolytes
(glycerol, sucrose, and proline) that act as compensatory osmolytes [286].

All the above results concisely deduce the hierarchy of arsenic tolerance/
bioremediation (Fig. 5.12). Firstly, arsenic gets adsorbed on microalgal by complexation with
various functional groups present on its cell wall followed by slow intracellular metabolism. As
(1) gets transported across plasma membrane via aquaglyceroporine (AQP) and hexose
permeases, while As (V) competes with the phosphate transporters [263]. Post internalization,
As (V) to a certain extent can be reduced to As (111) by GSH while PC and its derivatives inside
cell shield As (111) with S-H groups (increase in levels of cysteine, PC, glutamine, glutamate).
Furthermore, both As (111, V) also get converted to their methylated compounds (DMA, MMA)
inside the algal cells. Inhibition of the oxidative phosphorylation and its methylation by arsenic
species results in buildup of oxidative stress inside microalgal cells causing perturbations in
TCA cycle [263]. To combat this oxidative stress, microalga starts accumulating proline,
fumarate and trehalose which act as antioxidant molecules scavenging ROS. This can be
synchronized with protein catabolism (increase in levels of free amino acids), carbohydrate and
lipid biosynthesis (Fig. 5.12). The methylated compounds (DMA, MMA) are then converted to
arsenosugars and arsenolipids. An increase in the levels of glycerol and sucrose indicated the

formation of arsenosugars.
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Fig. 5.12: Schematic showing the hierarchy of arsenic (lll, V) induced metabolic changes in
the microalgal cells: (1): Arsenic intake via AQP/hexose channels, (2) metal complexation by
PC, (3) ROS generation in response to arsenic stress, (4) mitigating ROS stress by modulating
protein metabolism, photosynthesis, glycolysis and TCA (5) ER stress resulting in increase in

lipid content.

5.5 Concluding remarks

The above proposed synergistic modus operandi to remediate arsenic from
contaminated water sources by microalgae strategy congregated with biodiesel production
could become one of the most propitious treatment solutions with two-fold benefit (a) the
treated water could be used for irrigation and recreational purposes and (b) the dry de-oiled
algal biomass can act as a feedstock for biofertilizers or bioethanol/biogas. Scenedesmus sp.
IITRIND2 mitigated both the arsenic species (Ill, V) irrespective of the speciation were
efficiently removed by the selected microalgal strains from the SSW. Further, this study
demonstrated the effectiveness of using a metabolomics approach in answering environmental
and in particular arsenic tolerance mechanism by microalgae which could lead to successful
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deployment of microalgae via genetic engineering for bioremediation of arsenic from

contaminated water sources.
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CHAPTER 6

Conclusion and Future perspectives

6.1 Concluding remarks

In the present study, a novel microalga, Scenedesmus sp. ITRIND2 was isolated from a
fresh water lake which efficiently adapted to different sea water salinities (0-35 g/L sea salts).
The microalga when cultivated in 100 % ASW, showed higher lipid productivity as compared
to control (no salt). Such an increase in lipid content was accompanied by a decrease in total
protein and carbohydrate content. The adaptability of the microalga to such high salinity was
attributed to decrease “photosynthetic pigments, accumulation of osmolytes, antioxidant
enzymes which efficiently quenched the ROS generated due to oxidative stress. The FAME
profile analysis and biodiesel physical properties under saline conditions were in compliance
with ASTM D6751-52 and EN 14214 fuel standards which established the microalga to be a
prospective strain for biodiesel production.

The microalga when cultivated in 100 % ASW, remodelled its membrane permeability
by restricting ions channels, decreasing the surface potential and excretion of EPS as compared
to control. Interestingly, an increase in cell size along with disorganization of cellular structure
with large lipid accumulation and few starch granules in 100 % ASW culture were visualized in
electron micrographs of the microalga as compared to the control cells. Based on an “integrated
omics approach” comprising of proteomics, metabolomics and lipidomics a salinity driven
metabolic pathway was hypothesized starting with an increase in lipids, up regulation of
proline and sugar biosynthesis followed by an apparent decline in amino acids biosynthesis,
TCA cycle precursors, photosynthesis and starch metabolism. Further, four potential genetic
engineering targets (SAD, KAS, STO and Alfin like protein) were identified whose
overexpression might increase the halotolerance of any microalga along with augmentation in
TAG content.

After delineating the halotolerance mechanism of Scenedesmus sp. IITRIND2, its
adaptability in natural sea water cultivated in custom built photobioreactor mimicking outdoor
PAR and temperature cycles was tested. The microalga showed a remarkable ability to thrive in
natural sea water along with high carbohydrate and lipid accumulation. Such an adaptation was
attributed to increase in neutral sugars which aided the microalga to adjust its osmotic
equilibrium thereby limiting the detrimental effect of salinity. These results obtained provided a

base line for future outdoor cultivation of Scenedesmus sp. IITRIND2 in sea water which can
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substantially reduce the cost of algal biodiesel production.

The ability of Scenedesmus sp. ITRIND2 to remediate heavy metal arsenic (IlI, V)
coupled with biodiesel production was also investigated. Interestingly, the microalga was able
to tolerated 500 mg/L of As (I11, V) from SSW along with ~ 70 % removal without inhibiting
its growth. The analysis of biochemical composition of the microalga showed a substantial
increase in total lipid content while a decrease in protein and carbohydrate content as compared
to control (SSW). The study also revealed perturbations in the levels of metabolites with an
apparent increase in branched chain amino acids, organic acids and carbohydrates in arsenic
spiked cultures as compared to the control. The FAME profile and biodiesel properties also
compiled with the international biodiesel standards, thereby indicating the feasibility of such a

hybrid approach.

5.2 Future perspectives

Taking into account the above potential of Scenedesmus sp. HTRIND2 to grow in sea
water for biodiesel production, it will prove beneficial to cultivate the microalga outdoors on
large scale. However, due to low nitrogen and phosphorous in the sea water, addition of
wastewater could potentially provide for the limiting nutrients. This will require the
optimization of wastewater source, its concentration and location of the algal cultivation side
(ideally should be near to sea shore and waste water plant) to maximize the algal biomass and
lipid accumulation. To further, reduce the microalgal biodiesel cost, the cultivation system can
be equipped with media recycling after biomass harvest. Indeed, a biorefinery approach is
quintessential involving extraction of all the high/low value added products from the lipid
extracted biomass which makes the process even more sustainable. In case of Scenedesmus sp.
IITRIND2, proline and sucrose could be extracted which are marketable products.
Additionally, for the large scale cultivation of the microalga in sea water, the genetic
engineering targets identified could be verified in non-halotolerant strains.

Ultimately, in order to bring to bear the full promise of microalgae, improvements must
be realized across the entire value chain. This will undoubtedly require continued efforts in
bioprospecting and advances in algal genetic tool development in order to identify and develop
novel strains with robust deployment characteristics. To achieve maximum productivity, strain-
engineering pursuits in non-model algae will need to focus on enhancing multiple traits beyond
TAG accumulation, including enhanced photosynthetic efficiency, CO, utilization, and
predator and pest tolerance mechanisms, among others. Concurrently, continued efforts
targeting outdoor deployment and conversion optimization will also be requisite, encompassing

cultivation, harvesting, extraction, and upgrading.
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