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Chapter.1: Introduction

Microalgae are unicellular photosynthetic autotrophs located in fresh and marine water
bodies. They are gaining important attention globally as they are promising feed stock for
third generation biofuel because of faster growth rate, short generation time, adaptive in
harsh environmental conditions, do not compete for inputs required for agriculture or
arable land. Several micro algal species which specifically produces essential
polyunsaturated fatty acids, pigments like astaxanthin, carotenoid etc. and lipids in the
form of triacylglycerol (TAG). Scenedesmus quadricauda is an oleaginous microalga
which accumulates 18 percent of dry cell weight as lipid content. The lipid content can be
enhanced by several strategies like nutrient deprivation (nitrogen, phosphorous, sulphur,
iron, and heavy metals), altered pH, salinity, temperature etc. Nitrogen starvation is a
practically feasible method, as it can be practiced in large scale cultivation. Also, nitrogen
being an integral part of amino acid, limiting nitrogen will leads to rearrangement of the
metabolism and many other molecular changes which leads to accumulation of neutral
lipid (TAG) as energy reserve.

Rationale of the study

Scenedesmus quadricauda CASA CC202 tends to accumulate 2.27 fold lipid during
nitrogen starvation (Anand and Arumugam, 2014). The experimental evidence showed
that there is concomitant increase in lipid with decrease in protein and chlorophyll
content. Biomass yield was also drastically reduced during the nitrogen stress induction.
Here the cause is nitrogen stress and the effect is increased TAG accumulation with
reduced biomass. The biochemical/metabolic and molecular changes which lead to
increased lipid accumulation with reduced biomass in Scenedesmus quadricauda is
obscure. And thus understanding the above phenomena in oleaginous microalgae forms
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the rational of the present study which is outlined in four data chapters as described
under. In order to understand such complex biological phenomena an integrated
approach to analyze the biological events are required.

Chapter.2 deals with the morphological, biochemical and metabolic changes during
nitrogen stress mediated lipid accumulation. The nitrogen stress induces ROS which leads
to lipid accumulation and lipid droplet maturation; here the major protein involved in
maturation is Major Lipid Droplet Protein (MLDP). It was visualized using MLDP
specific antibody through immuno staining. The cell size enlarged by the accumulation

The predominant ROS generated was H202, OH™,02"" and in order to suppress the ROS
antioxidant scavenging enzymes like peroxidase and catalase were quantified. The results

showed that the inverse correlation between O2~ and H202, also the OH™ and lipid
peroxidation in terms of Malondialdehyde. The Metabolic changes mainly associated with
the liberation of low molecular weight bio molecules and their levels during abiotic stress
condition. The integrated targeted metabolic analysis was characterized by LC-MS
analysis and the results showed stress related non proteinogenic amino acids and energy
equivalents elevated during nitrogen starvation.

Chapter.3 describes about the molecular changes during nitrogen starvation. In order
to study the proteins which are involved in nitrogen starvation mediated lipid
accumulation. Total proteins were extracted from nitrogen sufficient (N+) and
deficient (N-) S. quadricauda. SDS PAGE of N+ and N- revealed that there is
difference in the protein profiling and further detailed protein pattern were obtained
from 2 Dimensional PAGE. Ten differentially expressed protein (Nitrogen stress
associated proteins —SAPs) spots were mapped and consistent four protein spot were
subjected for MALDI-TOF MS analysis. The stress associated proteins (SAP 1-4)
were identified as mitochondrial orf 151, ribosomal protein L23, envelope membrane
protein (Chloroplast) and ATP synthase B-subunit of Acutodesmus (Scenedesmus)
obliquus respectively. SAP 2 ie., ribosomal protein L23 was confirmed at gene level.
Further, the differential expression quantification by RT PCR showed about 2.6 fold
up regulation in nitrogen stressed S. quadricauda at 6h of incubation.

Chapter.4 followed the mapping of stress associated protein- LAGLIDADG homing
endonuclease (SAP1). Here the SAP1 amplification was failed due to the sequence
divergence between S. obliquus and S.quadricauda. In order to confirm that whole
mitochondrial genome sequencing of S. quadricauda was done by Illumia NextSeg500
Paired-end sequencing. The phylogenetic tree showed divergence in sequence between S.
obliquus and S. quadricauda even though they were in the same clade. The annotated 19
proteins were analyzed for the conserved domain search. Finally the ORF 42 of
S.quadricauda is having the similar conserved motif as LAGLIDADG as in orf 151 of S.
obliquus. This ORF 42 was confirmed as LAGLIDADG Homing endonuclease (LHE) at
gene level. LHE was differentially expressed about 4.2 fold during 48 hour of nitrogen
stress induction. Further the secondary protein structure was predicted by Swiss model
and validated by Ramachandran plot. LHE of S. quadricauda act as a
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homodimer and perform its endonuclease action. Thus the DNA binding residues of
LHE was predicted by Predict protein software.

Chapter.5 addresses the sustaining of biomass yield by supplement Stress responsive
hormone Abscisic acid (ABA). The demerit of nitrogen starvation was drastic biomass
reduction with increased lipid accumulation. In order to prove that endogenous ABA level
shoots up during nitrogen starvation it was quantified by competitive ELISA kit. The
ABA level during nitrogen stress was found to be increased 4.1 fold than the control in 24
hour of incubation. If we exogenously supplement ABA, it will rescue the microalgae and
there by sustaining the biomass yield during nitrogen starvation. For that we added 1-5uM
concentration of ABA to the nitrogen stress induced S. quadricauda. The effect of ABA
on growth showed that 2 uM ABA promotes growth and eventually the increased the
biomass. The total lipid yield and photosynthetic pigment content were not increased by
supplementing ABA. The fatty acid composition has altered by the supplementation of
ABA as it prefers more conversion of saturated fatty acid from the poly unsaturated fatty
acids (11.16%).

viii



CHAPTER

Introduction and Review of

literature




CHAPTER 1 Introduction & Review of literature

1.1. Introduction

Microalgal biomass is considered the most promising venue for food, feed and
energy applications due to higher growth rate, short generation time, adaptability to
environmental harsh conditions; do not compete with agricultural inputs and
cultivability in non arable land. In order to meet energy requirements, oleaginous
microalgae (oil-producing) are specifically cultivated in biofuel industry as they store
lipids as triacylglycerol (TAG) under environmental harsh conditions. They produce
lipid, starch, proteins, carotenoids as storage reserves during unfavourable conditions
such as abiotic stress, pathogen attack etc. (Lim et al., 2012). Several stress conditions
influence lipid accumulation in microalgae, which includes nutrient starvation,
salinity, illumination and pH. Large amounts of Triacyl glycerol (TAG) synthesis is
accompanied by considerable changes in lipid and fatty acid composition. This is
mainly due to the different chemical or physical environmental stimuli under stress
conditions (Hu et al., 2008).

Environmental harsh conditions; particularly nutrient deprivation of Nitrogen,
Sulphur, Phosphorous, Iron, Silicon etc. was adapted to enhance the TAG production
(Guarnieri et al., 2011; Cakmak et al., 2012). The TAG accumulation in microalgae is
highly influenced by type and availability of nutrients. Also nutrient availability has a
significant impact on growth, lipid and fatty acid composition of microalgae. Nitrogen
being major nutrients, consumed first during microalgal growth and thus it becomes
most important growth-limiting factor (Rodolfi et al., 2009; Dong et al., 2013; Blaby
et al., 2013; Liu and Benning, 2013; Schmollinger et al., 2014). Under nitrogen
starvation, cell division stops at the same time TAG accumulation increases which
leads to the enlargeme’nt of cells. As a result TAG content in microalgal cells could
increase twice and more. The maximum TAG accumulation is stimulated by the
presence of organic carbon source while shifting C/N ratio toward carbon under
nitrogen depleted condition. Also nitrogen starvation leads to reduction in protein
content of the microalgal cells and increase in neutral lipid content (Msanna et al.,
2012). Several researchers have reported that during nitrogen starvation the metabolic
responses are considerably faster and that leads to increased accumulation of TAG

within early hours of nitrogen stress induction than other stresses. As nitrogen is an
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essential element, it plays an active role in the synthesis of protein, nucleic acids and

chlorophyll synthesis (Goncalves et al., 2013, 2016).

The metabolic changes in nitrogen deficient algae are associated with the stress
response and redirection of carbon to energy reserve as starch or lipid (Wase et al., 2014).
The major changes include; termination of protein synthesis, degradation of chlorophylls
and reduction in chloroplast membrane lipids (Wase et al., 2014; Allen et al., 2015).
Several studies on TAG accumulation under nitrogen starvation implies three possible
reasons (i) increased TAG biosynthesis from acyl-CoA, (ii) membrane lipid disintegration
into free acyl moieties and finally TAG accumulation and (iii) elevated carbon flux
towards glycerol-3-phosphate and acyl-CoA for synthesis of fatty acids (Goncalves et al.,
2013; Fan et al., 2011, 2012; Miller et al., 2010). However, in algae the TAG synthesis
may play a major role in the abiotic stress response, in addition to functioning as carbon
and energy storage under environmental stress conditions (Hu et al., 2008). As already
discussed the nitrogen starvation leads to increased TAG accumulation with a drastic
reduction in biomass in microalgae. Here the cause is nitrogen stress and the effect is
TAG accumulation and reduced biomass. Thus we are trying to address the stress
responsive factors which are over expressed during nitrogen starvation by proteomic and

metabolic perspectives.

Guarnieri et al, 2011 and Gao et al., 2013 had worked on the identification of
the major triggering factor for the neutral lipid accumulation under nitrogen
starvation. The shreds of evidences mainly points to the genes in fatty acid
biosynthetic pathways, photosynthetic system and carbon metabolic pathways. But
the real factor responsible for the activation of these lipid synthetic genes was not
addressed. The stress responsive genes may be activating the genes of lipidomic,
carbon and other metabolic pathways to neutral lipid accumulation. Clearly, this area
is not explored well. Therefore it needs to be addressed in a global perspective. The
monogenic approach will not lead a clear understanding of the reason for neutral lipid
accumulation in microalgae during nitrogen starvation. The effective answers for the
query covers different omics approaches like transcriptomics, proteomics, lipidomics
and metabolomics which explains the key regulators and proteins involved in pile up
of TAG under nitrogen starvation (Blaby et al., 2013; Boyle et al., 2012; Gargouri et
al., 2015; Guarnieri et al., 2011; Miller et al., 2010; Park et al., 2015). The
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transcription factor Nitrogen-responsive regulator-1 (NRR1), which has a crucial role
in neutral lipid accumulation under nitrogen starvation because it is a putative
transcriptional regulator that has a regulatory role with the expression of
acyltransferase DGTT1 and the ammonium transporter AMT1D during nitrogen
starvation in Chlamydomonas. In addition to that, the NRR1expression was
specifically evidenced during nitrogen starvation, not in other stresses (Boyle et al.,
2012).

When microalgae are exposed to nutrient deprivation like Nitrogen starvation,
primarily the cell recognizes the stress condition and that is known as the stress

response. The stress signalling molecules like Reactive Oxygen species (ROS), Ca2+,

Melatonin, Abscisic acid etc helps the cell to sense the unfavourable environment and
will in turn activate signal transduction cascades to initiate a series of counter
reactions which will lead to the phase of resistance or tolerance of the stressed cell.
The major stress responses involve the induction of transcription factors, synthesis of
signalling molecules and stress-responsive hormones etc. Nitrogen starvation in
Tetraselmis suecica transcript analysis revealed an up-regulation of the transcript in
signal transduction, stress and antioxidant responses and solute transport and a down-
regulation of transcripts involved in photosynthesis, degradation of sugars and amino

acid synthesis (Lauritano et al., 2019). ROS which are formed by redox reactions of
the reactive forms of molecular Oxygen including H202, O2 "~ or OH" radicals during

abiotic stress are recognized as signals to activate the defence response (Vranova et
al., 2002) and also as a second messenger to activate several signalling cascades (Shi
et al., 2017). The increased ROS accumulation during prolonged nitrogen starvation
leads to oxidative damage and eventually promotes neutral lipid accumulation in
Dunaliella salina. An increase in both ROS production and lipid peroxidation were
observed under nitrogen starvation in association with increased lipid accumulation
(Yilancioglu et al., 2014). Thus ROS have direct effects on neutral lipid accumulation

in microalgae under nitrogen starvation.

Ca®* is an intracellular second messenger and ubiquitous in nature. Its level
rises rapidly and transiently in the cytoplasm and activates Ca®" mediated signal
transduction pathways. During Nitrogen starvation in Chlorella sp. C2 evidenced that
the Ca®* molecules were flooded into the cell through the ca®? channels, which was

3
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activated by the nitrogen starvation. Also in order to confirm the increased ca’®*
channel activity induced neutral lipid accumulation they pre-treated the channels by

blockers and determined the neutral lipid accumulation. The results showed that a
decreased neutral lipid synthesis in nitrogen starved Chlorella sp. C2 (Chen et al.,

2014). From these experiments it is clear that ca®* channels get activated and

regulate Ca®* homeostasis during nitrogen starvation and these eventually leads to
TAG accumulation in microalgae. Another factor that elevated the lipid accumulation
under nitrogen starvation was reported by Zhao et al., 2018 that is melatonin which
accelerated induction of lipid biosynthesis in Monoraphidium sp. (Ding et al., 2018).
Abscisic acid (ABA) is a stress-responsive hormone well studied in signaling, stress
response and catabolism in Arabidopsis thaliana (Nagamune, et al., 2008; Hartung,
2010). It was reported that endogenous levels of ABA shoots up and released across
the plasma membrane of algae and cyanobacteria under environmental harsh
conditions. Saradhi et al., 2000; Yoshida, 2005 and Yasohida et al., 2003 evidenced
that the enhanced level of ABA was observed during onset of stress in order to cope-
with the stress by protecting the cells from photoinhibition and oxidative damage in
Chlamydomonas reinharditi. Similarly, during nitrogen starvation the Scenedesmus
quadricauda showed an elevated endogenous ABA level and exogenous
supplementation also promotes the stress tolerance effect in S. quadricauda
(Sulochana and Arumugam, 2016).

In addition to the above stress responsive factors individual organelles like
chloroplast and mitochondria also involve in stress signaling by several ways.
Chloroplast is the major organelles for phototrophs to synthesize sugars as they are
the sites of photosynthesis. The plastids are one of the prototypes of chloroplast
mainly found in plants and algae (Keeling et al., 2010). They are having a reduced
genome of nearly 100 genes (Kleine et al., 2009a) and at the same time they also
contain nearly 2000-3000 nuclear encoded proteins (Abdallah et al., 2000; Yu et al.,
2008; Xu et al., 2019). The chloroplast gene expression machinery comprises a
mixture of proteins encoded by chloroplast and nuclear genes. Thus chloroplast
requires a stringent coordination of the expression of the two genomes (Woodson and
Chory, 2008). This is governed by exchange of information between the nucleus and
chloroplast (Xu et al., 2019). During retrograde signaling, chloroplasts give signal to
the nucleus about their developmental and physiological status so that the nuclear

4
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gene expression can be regulated (Bobik & Burch-Smith, 2015; Chan et al., 2016;
Kleine and Leister, 2016). In Chloroplast Retrograde Signaling (CRS), the signals are
involved mainly in tetrapyrrole biosynthesis, plastid gene expression and reactive

oxygen species (Kleine et al., 2009b).

The role of chloroplast under abiotic stress is crucial as the intracellular
signaling from chloroplast to the nucleus governs the stress responsiveness against the
environmental harsh condition. Thus, communicating perturbations to the nucleus is
crucial during exposure to abiotic stresses such as heat stress (Sun & Guo, 2016).
There are a few proteomic studies have carried out for the identification of chloroplast
stress responsive proteins in plants (Agarwal et al., 2009; Taylor et al., 2009). More
than 40% of stress response protein is predicted to be present in the chloroplast under
cold stress (Cui et al., 2005). Yokotani et al., 2010, revealed that CEST (Chloroplast
protein Enhancing Stress Tolerance) protein induces tolerance to environmental stress
like salinity, high temperature, drought and herbicide stress in rice. Abiotic stresses
while inhibiting photosynthesis also induces abnormal energy flows in the chloroplast
(Takahashi & Murata, 2008). Therefore excess energy from photo systems causes
ROS generation and it lead into oxidative damage to the chloroplast. In order to
tolerate the adverse effect of ROS several antioxidant systems get activated in the
chloroplast. The stress response mechanisms of the chloroplast have been elucidated
partially in plants but in microalgae it is not yet elucidated. The function of
chloroplast proteins under abiotic stress open up a chapter of unknown roles of stress

mediated lipid accumulation in microalgae.

Another vital organelle; the mitochondrion are the producers of ATP,
regulators of ion homeostasis or redox state and ROS generation. The ATP, energy
currency is synthesized by cellular respiration as it takes nutrients in from the
cytoplasm and breaks down it into energy for other cellular functions. Mitochondria
play a major role in adaptation to abiotic stresses, which are known to induce
oxidative stress. According to Hill and Remmen, 2014, they play a crucial role in
redox signaling by the generation of ROS. Mitochondria are directly involved in the
metabolism of lipids and amino acids and transport of metabolites and proteins. Also
microalgal mitochondria are believed to originate from an alpha-proteobacterial
ancestor that was engulfed by a primitive eukaryotic host. The mitochondrial genes
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were either transferred to nucleus or lost completely (Barbrook et al., 2010), thus

exhibiting a limited number of genes in the genome.

During abiotic stress the perturbations of mitochondria activates a signaling
phenomena called retrograde signaling. In retrograde signaling, signals from the
chloroplast and mitochondria regulate the expression of nuclear genes encoding
organellar proteins and other cellular proteins (Millar et al., 2001; Eckardt, 2011).
Also the metabolites of photorespiration, nitrogen assimilation and sugar metabolism
exchange the information into organelles and coordinate the stress induced
metabolism (Millar et al., 2001). The over accumulation of these low molecular
weight metabolites may act as a retrograde signal to adapt to the harsh environmental
condition. Thus when the mitochondrial functions are affected it activates retrograde

signaling to alter the mitochondrial gene expression under stress conditions such as
nutrient deficiency, drought, cold, pathogen attack and limiting O2 availability

(Kmiecik et al., 2016). The ROS marker genes, heat shock proteins and proteins of
alternative respiratory chain are involved in mitochondrial stress responses. All these
mitochondrial stress response genes share a common motif called Mitochondrial -
Dysfunction Motif (MDM), which is recognized by Transcription factors (TFs) such
as ATAF1/2, NAC, NAM and WRKY families (De Clercq et al., 2013). Among these
TFs, NAC TFs were released from the endoplasmic reticulum membrane in the
presence of ROS, proposing that translocation of the TFs may be giving signal from

mitochondria to nucleus (Ng et al., 2014).

With this background knowledge, we made an effort to answer the sequential
biochemical events happen during lipid accumulation in microalgae under nitrogen
starvation. Primarily, the morphological changes and lipid droplet accumulation were
observed during nitrogen starvation followed by the biochemical changes and targeted
metabolite analysis. In addition, the Stress Associated Proteins (SAPS) were mapped
and identified. The major drawback of nitrogen stress associated lipid accumulation
was the drastic reduction in biomass. Thus we are focussing to retain the biomass with
the increased TAG accumulation to execute the nitrogen stress as a suitable strategy

to enhance lipid accumulation in microalgae.
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1.2. Rationale and Objectives of the study

Microalgae gaining lots of importance due to its many attractive futures
however there are still technical challenges needs to be addressed. Microalgae when
subjected to nitrogen starvation leads to neutral lipid accumulation. Scenedesmus
quadricauda tends to accumulate 2.27 fold increases in lipid accumulation during
nitrogen starvation. Microalgae accumulates more lipids in short time is one of the
major advantages of nitrogen starvation. The present investigation aims to fill certain
knowledge GAP in understanding the stress induced lipid accumulation and
molecular changes in microalgae. This will serve as reference for best possible time
for harvesting maximum algal biomass with enhanced lipid content and scientific base
for better understanding of stress mediated lipid accumulation and, engineering of

algal strains. Therefore the present study was proposed with the following objectives.

Morphological and biochemical/metabolic changes of Scenedesmus quadricauda
during nitrogen starvation.

Mapping of nitrogen stress associated proteins — a) Ribosomal protein L23
Mapping of nitrogen stress associated proteins- b) LAGLIDADG Homing
Endonuclease

Sustaining biomass level during nitrogen stress- role of stress responsive hormone

Abscisic acid (ABA).
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1.3. Review of Literature

Microalgae are prokaryotic or eukaryotic organisms that fix the atmospheric CO2
and produce algal biomass were concerned as biodiesel fuel reserve. The fuel requirement
studies shows that world population requires 50% more energy in 2030 (Sani et al.,
2013). Currently the energy needs fulfilled by fossil fuels; is only about 80% of the world
energy demand (Huang et al., 2012). In this context the microalgae are considered as a
platform for sustainable energy resource. The necessity for alternative renewable energy
sources increased during the last decades due to over exploitation of fossil fuels. The CO2
emission upon combustion of these non renewable energy sources pollutes the
atmosphere. Hence the microalgae are having importance as renewable and non pollutant

energy sources rather than as COg2 utilizers during photosynthesis. Microalgae are

photosynthetic organisms that inhabit fresh water and marine ecosystems. They are
gaining more attention for their ability to produce lipid, starch, proteins, carotenoids etc.
as storage reserves for survival during unfavourable conditions; such as abiotic stress,
pathogen attack etc. (Lim et al., 2012). In order to meet energy requirements the oil
producing microalgae are specifically cultivated for biofuel industry as they store lipids
as triacyl glycerol (TAG) under environmental harsh conditions. The microalgae have

several advantages over other fuel crops, like adaptability, efficiency towards CO2 usage,

rapid biomass yield, and they do not compete for cultivable land (Falkowski et al., 1998;
Parker et al., 2008;
Sheehan et al., 1998; Huesemann et al., 2009).

1.3.1. Microalgal Biomass productivity

Biomass is a renewable and sustainable source of energy which is developed
from organic materials. The microalgal biomass is having several advantages such as
being energy rich, and has structural resemblance with fossil fuels. Thus they are
commercially important as precursors for biodiesel production. The fuel crops
currently used as biomass are canola, soybeans, palm and Jatropha (Kulkarni and
Dalai, 2006; Barnwal and Sharma, 2005). But they are also important as food and
compete for arable lands. The major components of algal biomass are carbohydrates,

proteins and lipids. Microalgae grow faster than terrestrial plants and their doubling
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time is about 24 hours. And they double within 3.5 hours during the onset of log
phase (Chiisti, 2007). Algal biomass productivity is high but with a relatively low
lipid yield which is about 5-20% of dry cell weight.

1.3.2. Microalgae as potent source as biofuel feedstock

The salient features of the microalgal fuel includes high productivity,
adaptation to waste water and its treatment, annual round production, COz2 utilization,

biochemical composition of algae and chemical composition of oil content. In
addition to that they have advantage over plants as they do not need herbicides and
pesticides (Brennan and Owende 2010). Also the simple structure simplifies the
technical limitations of harvesting when comparing plants. Even though metabolic
flexibility was one of the major advantages over oil crops because the biochemical
composition of microalgae can be tuned to desired product (Tredici 2010). Finally
these characteristics make algae with enormous market potential and as a sustainable

energy source for the future.

1.3.3. Microalgae are source of nutraceuticals

Algae have been used as food, feed and medicines for various diseases
(Richmond, 1990; Gao, 1998). Microalgae are photosynthetic organisms that produce
biomass, rich in value added products such as lipids, carbohydrates, proteins,
pigments and vitamins (Markou and Nerantzis, 2013) (Fig. 1.1). The microalgal
strains that have more potential as food supplements and nutraceuticals are
Botryococcus, Anabaena, Nostoc, Chlamydomonas, Scenedesmus, Parietochloris,
Synechococcus, Porphydium etc. because they have the ability to produce necessary
vitamins such as Retinol (A), Thiamine (B1), Riboflavin (B2), Niacin (B3),
Pyridoxine (B6), Folic acid (B9), Cobalamin (B12), L-Ascorbic acid (C), Tocopherol
(E) and Biotin (H) (Bishop and Zubeck, 2012). Along with these they are also
reported to produce essential elements like Potassium, Zinc, lodine, Selenium, Iron,
Manganese, Copper, Phosphorus, Sodium, Nitrogen, Magnesium, Cobalt,
Molybdenum, Sulphur and Calcium (Bishop and Zubeck, 2012). Also algae are potent
producers of essential amino acids and omega 3 (docosahexaenoic acid,
eicosapentaenoic acid) and omega 6 (Arachidonic acid) fatty acids (Fig. 1.1)
(Simoons, 1991).
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Figure.1.1: Microalgae: source of renewable energy and nutraceuticals
1.3.4. Lipid accumulation in microalgae under abiotic stress

Green algae descended from higher plants and share their metabolic mechanisms
and photosynthetic pigments (Y u et al., 2011). Several microalgae produce large
amounts of lipids in the form of tri acyl glycerol and it varies from species to species
(Hu et al., 2008). Lipids act as structural co mponents of cell membrane in eukaryotic
photosynthetic microalgae and also serve as energy storage co mpounds (Fuentes-
Grunewald et al., 2013). Thus microalgae are promising lipid-producers having short
generation time and are adapted to various environmental conditions (Mata et al.,
2013), increased specific growth rate and photosynthetic efficiencies than fuel crops
(Chisti 2007; Wu et al., 2013). Microalgal lipid content varies from about 1- 85% of
dry weight but in unfavourable conditions it goes higher as 40% (Chisti 2007). The
environmental factors which cause microalgae to accumulate more lipids are nutrient
availability, temperature and irradiance (Takagi et al., 2006; Rao et al., 2007). The
neutral lipid accumulation triggered by abiotic stress in green microalgae has been
previously reported (Hu et al., 2008). The oil synthesized in microalgal cells are

mostly in the form of cytoplasmic lipid bodies specifically as neutral lipid ie., triacyl
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glycerol (TAG) in stress induced microalgae (Guschina and Harwood, 2006; Takagi
et al., 2006; Battah et al., 2015) (Fig. 1.2). Similar effect was studied during salt stress
in marine microalga Dunaliella (Takagi et al., 2006) and also in dinoflagellates
(Mansour et al., 1999). The accumulation of TAG occurs due to the conversion of
carbon to lipids but the conversion depends on microalgal strains. Also different algae
have different mechanism to convert carbon flux to synthesize lipids from the

carbohydrate pathway (Li et al., 2012).
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Fig. 1.2: Neutral lipid (TAG) synthesis in microalgae

1.3.5. Lipid enhancement in microalgae by Nutritional stress

The neutral lipid accumulation in oleaginous microalgae depends on strain and
culture conditions. A potent strain can be devised to modify the neutral lipid
composition by altering the nutrient composition of growth media. Nutrient limitation
or deprivation was the commonly practised strategy for increasing lipid accumulation
in several microalgal species (Lima et al., 2018). The advantage of nutrient
manipulation is that it can be practically feasible for large scale cultivation.
Microalgae when grown under nutritional stress conditions; alter their metabolism

and biochemical composition. Thus an enhanced production of biofuels was attained

by tuning with the nutrient conditions (Fig. 1.3).
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Fig.1.3: Strategies for lipid enhancement in microalgae

1.3.5.1. Manipulation of growth parameters

Changes in growth factors other than nutrients such as light intensity,

temperature, pH and salinity, lead to enhanced lipid accumulation in microalgae.

1.3.5.1.1. Salinity

Microalgal cultivation using fresh water is a major concern when practicing
large scale cultivation. Therefore, microalgae which can adapt to marine environment
will be a good choice as an industrially potent strain. Salinity got attention as it
created osmotic stress and eventually ROS generation with lipid accumulation in
microalgae (Asulabh et al., 2012). The lipid content of Chlorococcum sp. was
significantly increased during salinity stress (Harwati et al., 2012), Botryococcus
braunii (Zhila et al., 2011), Chlorella protothecoides (Campenni et al., 2013) and
Nannochloropsis sp. (Pal et al., 2011). Dunaliella cells accumulated about 70% of
lipid content under high salt concentration (Takagi and Yoshida, 2006). When the
diatom Nitzschialaevis was subjected to high salt concentrations, 71.3% of total EPA

(Eicosapentanoic acid) was obtained (Chen et al., 2008).
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1.35.1.2. pH

One of the environmental parameter which influences microalgal growth is
pH. The optimum pH mainly lies between 7.0 to 9.0. pH fluctuation in growth
medium of microalgae was reported to alter the lipid accumulation. For example, in
Chlorella CHLOR1found out an increase in TAG accumulation during alkaline pH
stress and it was not due to carbon or nitrogen limitation (Guckert and Cooksey,
1990). The environment of microalgal culture shows a varying pH range in day/night

depending on photosynthesis and respiration. During the day, increased CO2 level

raise pH levels.
1.3.5.1.3. Light intensity

Being a photoautotrophic micro-organism, microalgae requires a light source
for the normal growth and metabolism. Light intensity is a known parameter for the
growth of microalgae. Light source and light intensity obtained by microalgae will
affects the photosynthetic activity. Also different light intensities and wavelengths
increase the TAG accumulation in microalgae. Particularly, under low light PUFA
levels increases and high light enhances the level of saturated and monounsaturated
fatty acids.

High light intensity induces oxidative damage of PUFA. Pal et al., 2011,

evidenced that maximum lipid content was observed in Nannochloropsis sp. under
700 umol photons sm? light intensity. Under higher light intensities, in Pavlova

lutheri increased lipid content were associated with increase in both cell population
and weight per cell profile (Carvalho and Malcata, 2005). The effect of different light
intensities on algal lipid composition was successfully demonstrated in a detailed
study on Chlorella vulgaris (Hassan et al., 2013). Thus the lipid productivity of
different microalgae can be attenuated with high light stress. Similarly, there is
increased lipid productivity in C. vulgaris, Raphidocelis subcapitata, Mychonastes
homosphaera and Scenedesmus sp. under high light irradiance (Tang et al., 2011; J.
Liu et al., 2012; Goncalves et al., 2013).

1.3.5.1.4. Temperature

Temperature has an essential role in growth and lipid composition of

microalgae. Optimum temperature for growth and lipid content in microalgae varies
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between species to species (Sibi et al., 2016). For example the optimum temperature
for Scenedesmus sp. was found to be 20 °C (Xin et al., 2011). Converti et al., 2009,
has reported that the lipid content increased from 7.9 to 14.9% at 20-25 °C
temperature. According to Renaud et al., 2002, there is a shift in fatty acid
composition by temperature i.e, at lower temperature, unsaturated fatty acid is found
to be increased and saturated fatty acid content will be increased at higher
temperature. The properties of algal biodiesel would also change during different
climates and seasons and seasonal cultivation can be practiced for biodiesel

production.

1.3.5.2. Nutritional stress
1.3.5.2.1. Phosphorous limitation

Phosphorous is an important microalgal growth component which actively
takes part in cellular metabolism such as signal transduction, energy generation,
nucleic acid synthesis, respiration and photosynthesis (Raghothama, 2000; El-Kassas,
2013; Singh et al., 2016). Phosphorous limitation results in enhanced lipid
accumulation as evidenced in Scenedesmus sp. LX1 where 53 % increase in lipid
content was observed (Xin et al., 2010). The fresh water microalga, Scenedesmus
obliquus showed an increment in lipid content from 10 to 29.5 % during phosphorous
starvation (Mandal and Mallick, 2009). Likewise lipid accumulation was observed in
Pavlova lutheri, Nannochloropsis sp. and Phaeodactylumtric ornutum but there was a
decrease in lipid content in Tetraselmis sp. and Nannochloris atomus during
phosphorous limitation (Reitan et al., 1994; Rodolfi et al., 2009). The polyphosphate
forms stored in nutrient sufficient condition was utilized in the phosphorous limited
conditions as phosphorous reserves (Liang et al., 2013; Qi et al., 2013; Chu et al.,
2014). Also the sequential effect of phosphorous deficiency induced reduction in
membrane lipid was compromised by non-phosphorous glycolipids and sulpholipids.
Liang et al., 2013 reported that maximum lipid content was found to be 23.60 % in
Chlorella sp. at a concentration of 32 uM phosphorous.
1.3.5.2.2. Iron

Among the trace metals, iron is important for the normal metabolism and

functioning of microalgae. Iron has a major role in photosynthetic electron transport

chain and impairment in iron metabolism leads to a drastic reduction in CO2 fixation
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and nitrogen assimilation and alteration of lipid content in microalgae (Van Oijen et
al., 2004; Liu et al., 2008; Buitenhuis and Geider, 2010; Cheng and He, 2014). Low
iron concentration resulted in decreased chlorophyll concentration, which leads to low
biomass and lipid content. C. vulgaris and S. obliquus when grown under iron
deficient condition the lipid content increased up to 19.6 and 24.4 % (dry cell weight)
with a reduction in biomass yield (Singh and Mallick, 2014).
1.3.5.2.3. Sulphur

Sulphur limitation altered fatty acid content and composition in
Chlamydomonas reinharditi (Matthew et al., 2009). Under sulphur and phosphorous
depletion in C. reinhardtii, decrease in sulfoquinovosyl diacyl glycerol (SQDG) and
increase of two fold in phosphatidylglycerol (PG) was observed (Sato et al., 2000).
Furthermore, Branyikova et al., 2011, reported that Chlorella vulgaris produced 50%

more starch under sulphur-limiting conditions than under sulphur-replete conditions.

1.3.5.2.4. Silicon

Silicon is an important trace metal for diatoms as it influences cell metabolism
and is a major component of diatom cell walls. According to Griffiths and Harrison,
2009 silicon limitation increased cellular lipid content in Chaetoceros muelleri,
Cyclotella cryptica, and Naviculas aprophila as on average of above 24 — 41% of dry
cell weight.
1.3.5.2.5. Plant Growth Regulators

Phytohormones are chemical messengers which actively take part in growth,
metabolic processes, senescence and resistance to biotic and abiotic stresses of plants.
They mainly comprise of five different classes like auxin, gibberellins, cytokinins,
abscisic acid and ethylene (Han et al., 2018). According to several researchers the
phytohormones particularly shoots up during stress conditions to induce cell defence
mechanism for adapting the harsh environmental conditions. The research groups also
evidenced that the exogenous supplementation of these phytohormones improves

growth and lipid pattern of microalgae.

Wu et al., 2018, reported that Abscisic acid (ABA- 1mg/L), Salicylic acid
(SA- 10mg/L) and Jasmonic acid (JA- 0.5mg/L) induced 1.5- 2 fold elevated lipid
content in Chlorella vulgaris ZF strain than the controls. Similarly the
supplementation of auxins, cytokinins, ABA, polyamines, brassinosteroids, JA and
SA improved the adaptability to environmental stress tolerance to Chlorella vulgaris
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(Bhola et al, 2011; Piotrowska-Niczyporuk et al., 2012). Enhanced lipid
accumulation was observed in Monoraphidium sp. by the addition of melatonin (Li et
al., 2017) and fluvic acid (Che et al., 2017). The increased level of phytohormones
may induce cellular ROS production, gene expression and stress tolerance eventually
leads to lipid accumulation (Che et al., 2017; Chu, 2017). Individually IAA (Indole
Acetic Acid) promoted growth in C. vulgaris (50 ppm), Nannochloropsis oceanica

(Udayan and Arumugam, 2017) and Scenedesmus obliquus (10'5 M) (Salama et al.,

2014) as 11-19 times and 1.9 fold than the control respectively. Also exogenous
ABA, stress responsive hormone suppressed the growth in Haematococcus pluvialis
with elevated carotenoids by the exogenous supplementation (Kobayashi et al., 1997).
The similar growth pattern was observed in other microalgae like Coscinodiscus
granii (Kentzer and Mazur, 1991) and Nannochloropsis oceanica (Lu et al., 2014).
When comparing this negative impact of ABA to fresh water microalga Scenedesmus
quadricauda, the biomass concentration was sustained in nitrogen stressed condition
rather a rapid decline in biomass (Sulochana and Arumugam, 2016). Ethylene well
studied as a growth inhibitor but promoted growth depending upon the concentration
supplemented. Exogenous ethylene in H. pluvialis increased astaxanthin production
(Gao and Meng, 2007).

1.3.5.2.6. Nitrogen

The nitrogen in growth medium directly facilitates the growth of cell as it
forms major back bone for the synthesis of proteins and nucleic acids (Li et al., 2008;
Arumugam et al., 2013; Sulochana and Arumugam, 2016). Due to these peculiarities,
nitrogen stress induction was widely practiced for enhanced lipid accumulation in
microalgae. The nitrogen stress induction was performed in two stage cultivation
processes; in the first stage the microalgae are grown in nitrogen sufficient media to
obtain maximum cell density. Further in the second stage, the harvested biomass was
subjected to nitrogen deficient or nitrogen limited media to induce nitrogen stress
(Anand and Arumugam, 2015; Minhas et al., 2016; Sulochana and Arumugam, 2016;
Zhu et al.,, 2016). Nitrogen stress can be induced by either complete removal
(Nitrogen deprived) or by limiting the supply of nitrogen to the medium (Nitrogen
limited) (Fig. 1.4). Either nitrogen limitation or deprivation proved to enhance the
lipid accumulation in microalgae. Among the nutritional stress, most extensively

followed strategy is nitrogen deprivation because it is directly related to the lipid
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metabolism of microalgae and can yield more lipids within hours respect to other

stresses (Table. 1.1).

The assimilable form of nitrogen sources like ammonium, nitrate, peptone and
urea altered the biomass and neutral lipid accumulation in microalgae (Chen and
Chen, 2006). Nitrogen stress induced Nannochloropsis sp., Haematococcus pluvialis
shows lipid accumulation after 2 days with a sharp decline in chlorophyll content (Li
et al.,2008; Rodolfi et al., 2009). Certain microalgae accumulate carbohydrates under
nitrogen limitation. For example Tetraselmis subcordiformis accumulates fourfold
carbohydrate than control during nitrogen limitation. Similarly S. obliquus CNW-N

showed a 29% increase in carbohydrate content (Ho et al., 2012).

Microalgae Lipid content N stress Lipid Reference
(% dcw) (% dcw)

Neochloris oleoabundans 13 29 Adams et al., 2013
Scenedesmus dimorphus 9 20 Adams et al., 2013
Chlorella vulgaris 10 40 Adams et al., 2013
Monoraphidium sp. 36.68 44..4 Zhao et al., 2016
Ankistrodesmus falcatus 36.54 34.4 Alvarez-Diaz et al., 2014
Nannochloris sp. 31 51 Takagi et al., 2000
Chlorella sorokiniana 15 21 Adams et al., 2013
Chlorella oleofaciens 12 35 Adams et al., 2013
Scenedesmus naegleii 10 21 Adams et al., 2013

Table.1.1: Nitrogen stress induced lipid accumulation in microalgae

Slows growth

Decrease in
photosynthesis

Nitrogen depletion Decrease in
(Without N source) Chlorophyll content
Increase in energy
rich compounds

N stress
Continue
N-limitation photosynthesis
(Insufficient supply
of N) Decrease in
nitrogenous
compounds

Increase in energy
rich compounds

Fig.1.4: Different types of nitrogen stress induction in microalgae.
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1.3.6. Nitrogen stress induced TAG accumulation in microalgae

1.3.6.1. Morphological variation during nitrogen starvation

Nitrogen starvation or other abiotic stresses can affect growth, morphology
and metabolism of microalgae (Hockin et al., 2012; Pasaribu et al., 2015). The
morphology of dinoflagellates changed due to lower temperature or nitrogen
starvation (Jiang et al., 2014; Pasaribu et al., 2015; Pasaribu et al., 2016).
Symbiodinium sp. when cultured under nitrogen deprivation, after 5 days of stress
induction the cell walls became thickened and more number of lipid droplets were
observed inside the cell by TEM analysis (Pasaribu et al., 2016). The fresh water
microalgae Scenedesmus quadricauda changes its morphology to produce unicells
and coenobia under various environmental conditions and in response to predators
(Anand and Arumugam, 2015).

1.3.6.2. Biochemical changes under nitrogen stress

Microalgae accumulates TAG under nitrogen starvation is mainly due to
increased synthesis of TAG and membrane lipid disintegration into TAG (Fan et al.,
2011, 2012; Goncalves et al., 2013; Miller et al., 2010). Boyle et al., 2012, reported
those three acyl transferase genes (DGATL1, DGTT1, and PDAT1) and a nitrogen
response regulator (NRR1) are up regulated during nitrogen starvation. Several
reports suggested that in some microalgae initial starch accumulation followed by

TAG accumulation during nitrogen stress (Siaut et al., 2011).

At differential expression levels metabolites such as octadecanoic acid,
triethanolamine, citric acid, citramalic acid, methionine, nicotianaminesx, trehalose,
and sorbitol, showed increased levels during nitrogen stress. Similarly the
ethanolamine and hydroxycitric acid were reported in increased levels with increased
lipid yield in three different cyanobacteria (Synechocystis sp. PCC 6803, Anabaena
sp. PCC 7120, and Scenedesmus obliquus) (Cheng et al., 2012). Metabolite level
changes during stress conditions influences protein activities to stress responses. The
proteome analysis of nitrogen starved C. reinharditi showed that activities of several

key enzymes of rate limiting steps in glycolysis was increased and gluconeogenesis
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were decreased (Wase et al., 2014). Also the ribosomal proteins were reduced to
40% or more during nitrogen stress. The down regulation of ribosomal proteins is an

indicative of nitrogen stress responses (Wase et al., 2014).

1.3.6.3. Altered fatty acid composition due to nitrogen starvation

Nitrogen limitation is the feasible strategy to enhance lipid content in
microalgae. Several microalgae species accumulate about 70% of dry cell weight
(DCW) as lipid under nitrogen limitation (Rodolfi et al. 2008). Most of the studies
revealed that nitrogen stress favours more of saturated fatty acids (SFA) and
monounsaturated fatty acids (MUFA) (Hu, 2004; Rodolfi et al, 2009).
Phaeodactylum tricornutum produced about 29 % neutral lipids with a fatty acid
composition of oleic acid (up to 46.4%), linoleic acid (up to 8.8%) and linolenic (n-
3) acid (up to 7.2%) (Fosse, 2016). The MUFA content were increased in P.
tricornutum and there is no change in MUFA content of Rhodopirellula baltica
under nitrogen limitation. In addition to this the PUFA content of R. baltica was
increased, but in P. tricornutum showed about 40% reduction especially around 50
% reduced EPA levels under nitrogen stress (Fosse, 2016). From these evidences it is
clear that the fatty acid composition vary depends on the type of nutrient limitation

and algal strains.

1.3.6.4. Biomass loss and growth inhibition during nitrogen starvation

In order to maintain the C/N homeostasis there is a rechanneling of reduced
carbon and lipid reserves leading into TAG accumulation under nitrogen stress
(Breuer et al., 2012). At the same time the lipid droplets, carotenoid and
carbohydrate content increases in microalgae. Also cell division stops, protein
reduction chlorophyll degradation and biomass reduction were observed during
nitrogen starvation (Cakmak et al., 2012). Thus limiting nutrients to the microalgae
results in increased lipid yield with reduced biomass, this really affects the lipid
productivity of the organism. Therefore one of the major bottlenecks of nitrogen
limitation was the reduced biomass when cultivated in large scale. Even though
biomass reduction is one of the major drawback but it will give more yield within

short stress induced cultivation time. For example Nannochloropsis can withstand
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for a few days in nitrogen stressed condition with increased TAG accumulation

(Negi et al., 2016).

1.3.6.5. Strategies to enhance biomass production and lipid accumulation

in microalgae

The neutral lipid accumulation in oleaginous microalgae depends on strain
and culture conditions. A potent strain can be devised to modify the neutral lipid
composition by altering the nutrient composition of growth media. The optimization
of growth medium includes carbon source, nitrogen, phosphorous, vitamins and salts
(Mata et al., 2010). Also the physical growth parameters and mode of culturing
(heterotrophic, mixotrophic etc.,) can be optimized to enhance lipid production in
microalgae (Rawat et al., 2013; Yeh and Chang, 2012). Hakalin et al., 2014 revealed
that devised nutritional medium improved cell number and oil production in
microalgae. Another strategy to improve biomass, cell number and lipid yield is by
phytohormone supplementation. A lower concentration of abscisic acid is needed to
sustain the biomass and lipid yield in nitrogen starved S. quadricauda (Sulochana
and Arumugam, 2016). Conventional approaches focussed on optimization of
nutrients and culture conditions, mixed microalgal-microbial consortia, genetic
modification and improved photo-bioreactor (PBR) designs increases the biomass

yield.
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CHAPTER 2 Biochemical & Metabolic changes

2.1. Introduction

Nitrogen stress in microalgae induces changes in internal biomolecular pattern
and morphology. Scenedesmus is a pleomorphic strain which changes its morphology
during nitrogen starvation as unicells or coenobia. As the microalga is having these
peculiar characteristics the nitrogen stress-driven morphological changes have not
completely studied in S. quadricauda.

When nitrogen stress is induced along with morphological changes several
biochemical changes occurs in the microalga. Such biochemical changes represent the
Reactive Oxygen Species (ROS) generation and antioxidant scavenger’s elevation
during nitrogen stress induction. The increased ROS accumulation during prolonged
nitrogen starvation leads to oxidative damage and finally, it promotes neutral lipid
accumulation in Dunaliella salina. Both increased ROS production and lipid
peroxidation were observed under nitrogen starvation in association with increased
lipid accumulation (Yilancioglu et al., 2014). To study the oxidative stress-induced
lipid body accumulation in S. quadricauda the ROS and antioxidant enzymes were

quantified.

The stress response genes may be activating the genes of lipidomic, carbon
and other metabolic pathways leading to neutral lipid accumulation. Clearly, this area
is not explored well. The major evidences for the query covers different omics
approaches like transcriptomics, proteomics, lipidomics and metabolomics which
explains the key regulators and proteins for TAG accumulation under nitrogen
starvation (Park et al., 2015). The monogenic approach towards the study will not
address the problem. Thus targeted stress metabolite analysis was followed during
nitrogen starvation. The metabolic changes are mainly associated with the liberation

of low molecular weight biomolecules and their levels during abiotic stress condition.
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2.2. Materials and methods

2.2.1. Culturing and induction of nitrogen stress

Scenedesmus quadricauda CASA CC202 (Fig. 2.1) batch cultures were grown in
flasks containing Bold Basal medium. The composition of media wherein (g/L): NaNOs -
25; CaCl2.2H20 - 2.5; MgS0a4.7H20 - 7.5; K2HPO4 - 7.5 KH2PO4 -17.5; NaCl
- 2.5, trace elements are (mg/L) FeCls.6H20 - 97; MnCl2.4H20 - 41; ZnCl2.6H20 - 5;
CoCl2.6H20 - 2; Na2M004.2H20 - 0.75; Boric acid- 500, and the media also contain
vitamins (g/L) Biotin-0.1; vitamin B12-1; Thiamine- 0.2. The pH of the media was
adjusted to 6.8 — 7.0. The cultures were cultivated in an artificial growth chamber having
a temperature of 25 °C with 14:10 hour light-dark period. The adherence of cells to the
bottom of flasks was avoided by shaking twice per day. The nitrogen stress was
induced when the control (N¥) algal cultures reached log phase and the cells were
harvested by centrifugation at 10000 rpm for 10 minutes. The pelleted cells were

washed twice with distilled water and re-inoculated to the nitrogen starved (N°)
medium (Anand and Arumugam, 2015) (Scheme. 2.1).

Fig. 2.1: Microscopic images of Scenedesmus quadricauda CASA CC202. NCBI Genbank
Acc.no.: KM250077, Culture Collection Acc. No.: CASA CC202.
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2.2.2. Effect of nitrogen stress induction in growth and morphology of S.

quadricauda

2.2.2.1. Growth - Cell number

The control and nitrogen stressed cultures were aseptically drawn in 0, 24,
48 and 72 hours of induction. The culture flasks were shaken well and 1ml of each
sample was collected in a microcentrifuge tube. After that, the sample was vortexed
and taken 100 pl and diluted with 900 pl sterile distilled water. The cell number was
enumerated by a light microscope (Leica) using a haemocytometer and expressed in

terms of 106 cells/ml.

2.2.2.2. Morphological variation

20 pl of the sample was dropped into a clean microscopic slide covered with
a cover slip and the slide was allowed to stand for a few minutes. After that, the
slide was observed under a light microscope (Leica). The individual cells length to

breadth measurement was calculated by Leica application suite software.

2.2.2.3. Morphological variation in population of S. quadricauda by flow
cytometry analysis

All the three experiments the sample of 1 ml taken from nitrogen stress
induced and respective control in microcentrifuge tube. From that 100 pl sample
was taken and diluted with 900 pl sterile distilled water and the pellet was obtained
by centrifugation at 10000 rpm for 10 minutes. Then the pellet was collected and
washed twice with phosphate buffer saline (PBS) (pH- 7.4). The washed pellet was
fixed with 2.5% glutaraldehyde in PBS of 50 pl for 5 minutes. The pellet was then
collected by centrifugation at 10000 rpm for 5 minutes and washed with 1 ml PBS
and again pelleted by centrifugation. The washed pellet was resuspended in 1ml of
Rhodamine 123 dye (1mg/ml ethanol stock) of 10 pl diluted with 990 pl of distilled
water and incubated for 5 minutes at 20 °C. After incubation the excess dye was
washed away by centrifugation and was resuspended pellet in 1 ml of PBS. Then the

fluorescent intensity were analysed by flow cytometry BD FACS Aria™

excitation at 505 nm and emission at 534 nm using software BD FACS Diva'™.
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2.2.2.4. Ultra structure of nitrogen stressed S. quadricauda — Transmission

Electron Microscopy (TEM)

The harvested algal cells were washed with phosphate buffer (pH 7.0) twice
at 8000 rpm for 10 minutes. The algal cells were fixed in 2.5% glutaraldehyde and
4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.0 at 4°C for storing.
After that the prefixed cells were washed with phosphate buffer, then the cells were
placed on the (300-mesh) copper grid. The dropped sample in the grid was allowed
to air dry, and then the samples were dehydrated in an acetone series of 60, 70, 80,
90 and 100% each. The algal sample should be prepared one day before to view
TEM analysis. Make sure the instrument runs on >100 KV. The images were
captured using High Resolution TEM (LaB6), Tecnai G2, T30S-TWIN (FEI).

2.2.2.5. Staining of lipid droplets using lipophilic dye

Nile red (9-diethylamino-5H-benzo [a]phenoxa-phenoxazine-5-one) is a
sensitive method to stain lipids inside the cell. Nitrogen deprived and nitrogen rich
algal cells were collected by centrifugation at 10000 rpm for 10 minutes. The algal
samples were then washed twice with phosphate buffer (pH-7.0). Then 400ul of
DMSO was added and incubated for one minute in an oven. After that 20ul of Nile
red (SIGMA) solution (stock- 10mg/ml) was added and incubated for 10 minutes in
dark. Then the image was captured by a fluorescent microscope BD Pathway 855
using the Attovision software at excitation and emission of 535nm and 575 nm

respectively.

2.2.2.6. Immunostaining of Major lipid droplet protein in S.quadricauda

The algal cells were prefixed with 4% paraformaldehyde, subsequently, the
fixed cells were suspended with sensitization solution composed of 0.1M Tris-7.5,
0.15M NaCl, 0.1% Triton X-100 for 30 min. Sensitised cells were washed two times
with washing solution (0.1 M Tris-7.5 with 0.1% Triton X-100), in the same tube,
MLDP polyclonal antibody was added in 1: 1000 dilution ratio, and incubated for 3
hrs in rocker at 4°C. Cells were washed three times with wash solution followed by
incubation with secondary antibody, anti-rabbit antibody conjugated with FITC for
2 more hours. The cells were washed three times and suspended in 1x PBS and

viewed under a confocal microscope.
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2.2.3. Biochemical changes during nitrogen starvation
2.2.3.1. Detection of mitochondrial membrane potential by flow cytometry

The algal cells were fixed with 2.5% glutaraldehyde in PBS of 50 pl for 5
minutes. The pellet was then collected by centrifugation at 120000 rpm for 5 minutes
and washed with 1 ml PBS and again pelleted by centrifugation. The washed pellet
was resuspended in 1ml of Rhodamine 123 dye (1mg/ml ethanol stock) of 10 pl
diluted with 990 pl of distilled water and incubated for 5 minutes at 20 °C. After
incubation the excess dye was washed away by centrifugation and was resuspended
pellet in 1 ml of PBS. Then the fluorescent intensity were analysed by flow

cytometry BD FACS Aria™ 11 excitation at 505 nm and emission at 534 nm using

software BD FACS Diva'™. The protocol is detailly described in materials and
methods of chapter 2 section 2.2.2.3.

2.2.3.2. Quantification of Reactive oxygen species and Antioxidant enzymes
during nitrogen starvation

2.2.3.2.1. Measurement of H202

The control (N+, culture grown in BBM for 12 days) and nitrogen starved

(N") algal cells from three experimental replicates were harvested by centrifugation

and resuspended in 0.1% w/v TCA solution for sonication. The total cell lysate was
collected by centrifugation at 13000 rpm for 10 minutes. An aliquot of 0.5 ml of the
supernatant was mixed with 0.5ml of 10 mM phosphate buffer (pH-7.0) and 1 ml of
1M potassium iodide. The absorbance of the solution was read at 390nm. The H202
concentration (umol H202/gFW) in the sample was determined from a calibration
curve prepared using the known concentrations of H202 (Velikova et al., 2000). The
mean values of three independent of H202 concentration were plotted as a graph
with standard deviation as an error bars.

2.2.3.2.2. Quantification of Oz~

The control (N¥) and nitrogen starved (N°) algal cells of three experimental

replicates (n=3) were harvested by centrifugation, sonicated with 5 ml of 65 mM
potassium phosphate buffer (pH-7.8), and centrifuged at 12000 rpm for 5 minutes. An
aliquot of 1 ml of supernatant was mixed with 0.9 ml of mM potassium phosphate
buffer (pH-7.8) and 0.1 ml of 10 mM hydroxyl ammonium chloride. After incubation at
25 °C for 20 minutes, 1 ml of 17 mM sulphanilic acid, and 1 ml of 7 mM a-
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naphthylamine were added to the mixture. Further the tubes were incubated for 20
minutes and the absorbance of the solution was read at 530 nm. The mean values of

three independent replicates of O2" concentration were plotted as a graph with
standard deviation as an error bars.Sodium nitrite was used to plot the standard

curve from that the production of Oz~ was calculated (Liu et al., 2010).

2.2.3.2.3. Measurement of OH"

The control (N) and nitrogen starved (N °) algal cells of three experimental

replicates (n=3) were harvested by centrifugation and sonicated with 2 ml of 50 mM
potassium phosphate buffer (pH-7.0) and centrifuged at 12000 rpm for 5 minutes.
There after 0.5 ml of supernatant was mixed with 0.5 ml of 50 mM potassium
phosphate buffer (pH-7.0) containing 2.5 mM of 2-deoxy ribose. The tubes were
kept at 35 °C in dark for 1 hour. After adding 1 ml of 1% TBA in 0.5 M sodium
hydroxide and 1 ml of acetic acid, the mixture was boiled for 30 minutes and
immediately cooled on ice. The absorbance of the solution was read at 532 nm and

the OH™ content was expressed as absorbance units per gram of FW (Halliwell,

2006). The mean values of three independent replicates of OH™ concentration were

plotted as a graph with standard deviation as an error bars.

2.2.3.2.4. Lipid peroxidation

Microalgal cells of three independent replicates from N* (12th day) and N

(0, 24, 48, 72 hours) samples were harvested by centrifugation, homogenized in 2
ml of 80:20 (v/v) ethanol: water followed by centrifugation at 13000 rpm for 10
minutes. An aliquot of 1 ml of the supernatant was mixed with 1 ml of
Thiobarbituric acid (TBA) solution comprising of 20% (w/v) TCA, 0.01% butylated
hydroxytoluene and 0.65% TBA. Samples were then mixed vigorously then heated
at 95 °C for 25 minutes and cooled. The contents were centrifuged at 13000 rpm for
10 minutes and the absorbance of the supernatant was read at 450, 532 and 660 nm
(Hodges et al., 1999). The mean values of three independent replicates were plotted
as a graph with standard deviation as an error bars.

45%(Asi-Aggn)] — [0.56%A 450]
FW

MDA (umol/gfw) = L6
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2.2.3.2.5. Estimation of antioxidant enzymes
2.2.3.2.5.1. Catalase assay

Catalase activity was determined using catalase calorimetric activity kit
(Invitrogen). Nitrogen stressed and control algal pellet (100 mg) were collected by
centrifugation at 8000 rpm for 10 minutes. Further the pellet was homogenized or
sonicated in 1 ml of cold 1x assay buffer (as provided by the manufactures) per 100
mg of cells. Then the content was centrifuged at 10000 rpm for 15 minutes at 4 °C.
Collect the supernatant and assay immediately, or store at <-70 °C.

As dilution of standards for catalase assay was prepared as described by the
manufactures instructions. In brief, one unit of catalase decomposes 1 pmol of H202
per minute at pH-7.0 and 25 °C. About 10 pl of catalase standards were added to
one tube containing 190 pl 1x assay buffer and labelled as 5U/ml catalase. 100 pl of
1x assay buffer was added to each of 6 tubes labelled as follows: 2.5, 1.25, 0.625,
0.313, 0.156 and 0 U/ml catalase. Serial dilutions of the standard were prepared as

described in the kit manual.

Accurately 25 pl of standards or diluted samples were added to the
appropriate wells. Then added 25 pl of H202 reagent into each well and incubated
for 30 minutes at room temperature. After that 25 uM of substrate was added into
each well. Again added 25 pl of 1x Horse Radish Peroxidase (HRP) solution into
each well and incubated for 15 minutes at room temperature, further the absorbance
were read at 560 nm. Curve fitting software with a four parameter algorithm (Graph

pad prism2) was used to generate the standard curve.

2.2.3.2.5.2. Peroxidase assay

The peroxidase activity was quantified using Peroxidase activity assay kit
(SIGMA). As dilution of standards for peroxidase assay was prepared as described by
the manufactures instructions. In brief, about 10 pl of the 12.5 mM H202 solution was
diluted with 1,240 pl of assay buffer to prepare a 0.1 mM standard solution. Then 0, 10,
20, 30, 40, and 50 pL of the 0.1 mM standard solution was added into a 96 well plate,
generating 0 (blank), 1, 2, 3, 4, and 5 nmole/well standards. Further the assay buffer was
added to each well to bring the volume to 50 pl. To each standard curve well, 50 pl of
the standard curve reaction mix was added. Each well were mixed well and incubated at
room temperature for 5 minutes and absorbance was read at 570 nm.

28



CHAPTER 2 Biochemical & Metabolic changes

About 10 mg of algal pellet was rapidly homogenized with 100-200 pl of
assay buffer and centrifuged at 15,000 rpm for 10 minutes to remove insoluble
materials. Then 50 pl of the master reaction mix was added to each sample and
positive control well. The contents in the well were mixed well by pipetting and
incubated the plate at 37 °C for 3 minutes, then the initial measurement was read at
570 nm (T initial). The plate was protected from light during the incubation. The
measurements were taken until the value of the most active sample is greater than
the value of the highest standard (Colorimetric — 5 nmole/well). The final
measurement [(Asvo) final] for calculating the enzyme activity would be the value
before the most active sample is near or exceeds the end of the linear range of the
standard curve. The time of the penultimate reading is T final.

The change in measurement from T initial to T final for samples was
calculated.
AAs70 = (As70) final-(Aso) initial
Compared the Ameasurement value (AAs7o) of each sample to the standard
curve to determine the amount of H202 reduced during the assay between T initial
and T final (B). The Peroxidase activity of a sample was determined by the

following equation:

[Bx Sample Dilution Factor]

Peroxidase Activity = - -
(Reaction Time) xV

B = Amount (nmole) of H202 reduced between T initial and T

final Reaction Time =T final-T initial (minutes)

V = sample volume (mL) added to well
Peroxidase activity reported as nmole/min/mL = milliunit/mL, where one unit of
peroxidase is defined as the amount of enzyme that reduces 1.0 pumole of H202 per

minute at 37 °C. The mean values of three independent replicates were plotted as a

graph with standard deviation as an error bars.

2.2.4. Targeted metabolite analysis by LC-MS

The nitrogen starved (N°) S. quadricauda cells were collected by centrifugation

at 8000 rpm for 10 minutes at room temperature. The culture grown in the Bold Basal
Medium for 12 days was used as a control. Metabolites were extracted

29



CHAPTER 2 Biochemical & Metabolic changes

by homogenizing with liquid nitrogen in a prechilled sterile mortar and pestle. The
samples then suspended with mixture of 1 ml of methanol: water (80:20). Subsequently
the supernatant was collected by centrifugation at 8000 rpm for 10 minutes at 4 °C and
the extracted metabolites were stored at -20°C for LC-MS analysis. The mobile phase
used for LC- MS is mixture of triethylamine (A, 60%) and methanol (B, 40%)
containing 0.1% formic acid adjusted to pH-4.2 and separated through a 1.9 uM C18
Shimadzu shim pack GISS column (Dimension 2.1x150mm). Column temperature was
maintained at 4 °C and the temperature of the drying gas in ionization source was 300
°C. The gas flow was 10 L/min and the capillary voltage was 4KV and the detection
was using electro spray ionization (ESI)-MS. The LC- MS 8045 (Shimadzu, Japan)
chromatogram was analyzed and the results were plotted by a heat map. The mean
values of two experimental results were calculated and the data were used for the heat
map generation. The heat map was generated using heat mapper (an online tool to

interpret the metabolomic analysis) (Babicki et al., 2016).

30



CHAPTER 2 Biochemical & Metabolic changes

2.3. Results

2.3.1. Morphological changes during nitrogen starvation

2.3.1.1. Effect of nitrogen stress induction in growth and morphology of S.
quadricauda

2.3.1.1.1. Growth — Cell number

The cell number is the primary parameter to examine the growth of an
organism. When stress initiates the cell number is found to be decreasing as
26.5x10° cells within 24 hours than control (30.5><1O6 cells/ml). There is no fresh

cell division happening as evident from Fig. 2.2 during nitrogen starved condition.
Finally, a gradual decrease in cell number was observed in 48 and 72 hour of

nitrogen stress induction from 24.5 to 23.5 x10° cells/ml when compared to the

respective control (N*) cells (34.5 to 39 x10° cell/ml) (Fig. 2.2).

507 ¢ N+ N-

40 ~
30 /
20

10 +

Cell number ( 106 cells/ml)

0 .
0 244872 Time (h)

Fig. 2.2: Growth (Cell number) of S. quadricauda in control (N+) and Nitrogen
starved (N°) condition.

2.3.1.1.2. Morphological variation

Nitrogen being an integral part of bio molecules such as proteins of an
organism and thus it’s deficiency in the medium affects the enzymes required for
cell division and eventually the growth of microalgae. Morphological changes
during nitrogen starvation are due to the cellular events. The nitrogen stress induced
cells showed that there is an increment in cell size compared to control ie, N™ cells
(Fig. 2.3 a & b). Further each cell length breadth ratio was calculated. The length

breadth ratio also suggested that there is an increment of 0.13 pum in nitrogen

stressed (N') S. quadricauda (Fig. 2.3 b & c).
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Fig. 2.3: a; Microscopic images of Control (N+) and b; Nitrogen starved (N) S.
quadricauda. b & c: Length and breadth ratio of Control (N+) and Nitrogen starved
(N°) S. quadricauda.

2.3.1.1.3. Nitrogen stress induced morphological variation in population of S.
quadricauda

The above experiments suggested that nitrogen starvation leads to
morphological change in S. quadricauda. Morphological changes studied in certain
number of cells under a microscope are not an appropriate way to represent in a
population. Thus the variation in size of the cell due to nitrogen stress induction was
studied in a population of S. quadricauda. The flow cytometry analysis showed cell
enlargement occurs in the nitrogen stress induced cells than the control. The forward
scatter analysis, the control cells were gated in such a way that large cells were
presumed to represent 10% of the population and it compares to nitrogen stressed

cells. The gated region represents the ’region of hypertrophy’ (Fig. 2.4a). The

population statistics of the cell enlargement showed that there is a 2.6 % cell size
enlargement in nitrogen stress induced S. quadricauda (Fig.2. 4b).
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Fig. 2.4: Nitrogen stress induced cell enlargement in a population of S. quadricauda.

a; Flow cytometry analysis of control (N+) and nitrogen starved (N°) S.
quadricauda, b; Population statistics of enlarged cells during nitrogen starvation (T)
and control S. quadricauda

2.3.1.1.4. Ultra structure of nitrogen stressed S. quadricauda- Transmission
Electron Microscopy (TEM)

The cell size variation in nitrogen stress induction was confirmed in
population of S. quadricauda. The reason for the cell enlargement had to be studied
by internal organization of the cell during nitrogen starvation. Thus the ultra
structure of the nitrogen stressed S. quadricauda was revealed by the TEM imaging.

TEM images of control (N+) and nitrogen starved (N°) S. quadricauda reveals that

there might be more number of lipid bodies in nitrogen starved cells (Fig. 2.5).

Fig.2.5: Transmission Electron Micrograph explains the ultra structure of A;

control (N™) and B; nitrogen starved (N°) S. quadricauda.
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2.3.1.1.5. Staining of lipid droplets in nitrogen stressed S. quadricauda

The TEM images showed there might be more oil droplets in nitrogen
stressed cells. In order to confirm the lipid body accumulation Nile red staining was
performed. The stained lipid bodies were observed in golden colour. The nitrogen
stress induced S. quadricauda is having more number of oil droplets (Fig. 2.6) than
the control.

Bright field Fluorescent image Merger

Fig. 2.6: Lipid droplet staining of a; control (N+) and b; nitrogen starved (N) S.
quadricauda by Nile red staining.

2.3.1.1.6. Detection of MLDP during nitrogen stress

Major Lipid Droplet Protein (MLDP), a major structural protein involved in
lipid body synthesis. Not much information is available for Scenedesmus quardicauda,
regarding the presence of MLDP and its abundance during the nitrogen starvation. Here
we observed that C. reinhardtii MDLP polyclonal antibody (Huang et al., 2013)
recognises and cross-reacts with the S. quadricauda MLDP, indicating the presence and
conservation of MLDP like protein in green microalga linage (Fig. 2.7). Additionally,
we also tested the relative abundance of MLDP in stress condition like nitrogen
starvation; confocal imaging reveals the accumulation of MLDP in both the control and

nitrogen stressed condition (Fig. 2.7).
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Bright field FITC Merger

Fig. 2.7: Immuno stained images of major lipid droplet protein (MLDP) in a; control
(N+) and b; nitrogen starved (N) S. quadricauda. The green fluorescence shows the

conserved MLDP presence in micro algal lineages.

2.3.2. Biochemical changes during nitrogen starvation

2.3.2.1. Changes in mitochondrial membrane potential during nitrogen

starvation

Nitrogen stress induces perturbations in mitochondrial membrane potential
(Awym), which is one of the signals to the mitochondria. The increased mitochondrial
membrane potential is directly proportional to the increased fluorescence of
Rhodamine 123 (Rh123). Also the increased mitochondrial membrane potential
leads to elevated ROS generation and thus stress responses to the S. quadricauda.
Here in S. quadricauda the rate of fluorescence of Rh 123 is increased during
nitrogen stress. There is a 25% elevation of fluorescence emission in 24 hour
nitrogen stress induced S. quadricauda when compared to nitrogen sufficient cells
(Fig. 2.8). Also the 48 and 72 hour samples revealed an increased membrane
potential during onset of nitrogen stress. Thus it implies that there is a fluctuation in
mitochondrial membrane potential in the initial hours during nitrogen stress. As the
stress progresses, increased ROS generation was observed in mitochondria and

which lead to metabolic rearrangements.
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Fig. 2.8: Nitrogen stress induced changes in mitochondrial membrane potential of S.
quadricauda by flow cytometry. Mitochondria were stained by Rhodaminel23.

Blank represents the auto fluorescence of S.quadricauda; N*- control, N™ - Nitrogen
starved S. quadricauda at 24 h, 48 h and 72 h.
2.3.2.2. Reactive Oxygen Species (ROS) generation during nitrogen stress

mediated lipid accumulation

The mitochondria are the primary producers of ROS and also it depends on the
metabolic state of mitochondrion during nitrogen stress. The increased production of
Reactive oxygen species (ROS) is a sign of stress at a molecular level and the
subsequent accumulation tends to oxidative damage. The concentration of H202 in
the algal extract was plotted using a standard curve (Fig. 2.9a). The H20:2
accumulation during nitrogen stress induced S. quadricauda showed an elevated
level at 24 and 48 hour of incubation around 7 uM and 11 pM respectively

compared to control (0.17 puM) (Fig. 2.9b). The Oz radical in the nitrogen stressed
S. quadricauda showed around 3.09 uM on 24 hour of incubation and it was a lower
concentration compared to nitrogen rich S. quadricauda where the O2~

concentration was about 7.13 pM (Fig. 2.10). Also the level of hydroxyl radical
elevated during the initial hours of nitrogen stress induction (Fig. 2.11a).
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Lipid peroxidation is the oxidative degradation of lipids. The free radicals steal
electrons from the membrane lipids and cause severe cell damage. Lipid peroxidation
was determined in terms of malondialdehyde (MDA) content in the cells. The MDA
was elevated during the 72 hr of incubation and it was around 1.13 pM. The MDA

content was lower during the initial hours of stress induction (Fig. 2.11b).
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Fig. 2.9: a; Standard curve of H202, b: H202 generation during nitrogen stress induced

(N") at 0, 24, 48 and 72 hour and the control (N+) S. quadricauda at 12t day.
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Fig. 2.10: a; Standard curve of 02" , b: O2" generation during nitrogen stress
induced S. quadricauda at 0, 24, 48 and 72 hour and the control (N*) S. quadricauda
at 121 day.
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Fig. 2.11: a; OH™ generation in nitrogen stress induced (N°) and the control (N™)

S. quadricauda at 12t day. b: Level of lipid peroxidation (MDA) under nitrogen

stress induction in S. quadricauda.

2.3.2.3. Antagonistic antioxidant enzymes during nitrogen stress
2.3.2.3.1. Catalase activity in S.quadricauda under nitrogen stress

In order to clear off the highly reactive oxygen species, the free radical
scavenging enzymes were also elevated during nitrogen stress induction. Catalase is
the enzymes which speed up the conversion of H202 to water and oxygen. During
nitrogen stress H202 generation was elevated at the same time the catalase activity
was also found to be increased. The catalase activity was observed to be about 0.8

U/ml (Fig. 2.12b) and it was calculated according to the standard curve (Fig. 2.12a).
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Fig. 2.12: a; Standard curve of Catalase activity on H202 and the curve was
plotted using four parameter algorithm (Graph pad prism 2). b: Catalase activity

in nitrogen stress induced (N°) and the control (N*) S. quadricauda at 12t day.
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changes 2.3.2.3.2. Peroxidase activity in S.quadricauda under nitrogen stress

The peroxidase is heme containing proteins which catalyzes the conversion
of H20:2 into water and an activated donor molecule. It utilizes H202 from various
organic and inorganic substrates. The peroxidase enzyme in S. quadricauda was
observed as not an active participant for H202 oxidoreduction. As it was evidenced
from Fig. 2.13Db, there is a deviation in peroxidase activity at 48 hour of nitrogen
stress induction (23.16 mU/ml) compared to control (20.22 mU/ml). The peroxidase
activity was calculated using H202 as substrate (Fig. 2.13a)
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Fig. 2.13: a; Standard curve of Peroxidase activity on H202. b: Peroxidase activity
in nitrogen stress induced (N°) and the control (N+) S. quadricauda at 12t day.

2.3.3. Metabolic changes during nitrogen starvation

2.3.3.1. Targeted stress metabolite analysis by LC-MS

During nitrogen stress there are several changes happening in the cell and the
cellular events triggered by the stress finally leads to TAG accumulation. The
monogenic approach for solution to the effect of nitrogen stress will not correlate to the
cellular events. Thus an integrated approach was followed by several research groups to
address the problem. Metabolomics is one of the omics study which helps to understand
the metabolic rearrangement of the cell during nitrogen stress. In order to address the
metabolic changes governed by nitrogen stress, several metabolites were listed and its
role was discussed in Table. 2.1. The metabolic changes are mainly associated with the
liberation of low molecular weight bio molecules and their levels during abiotic stress

condition. The integrated and targeted metabolic analysis was
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characterized by LC-MS analysis (Table. 2.2). The heat map results showed stress
related non proteinogenic amino acids and energy equivalents elevated during
nitrogen starvation (Fig. 2.14). The non proteinogenic amino acids like Gamma
Amino Butyric Acid (GABA), glutamate and arginine were observed in maximum
peak area at 72, 24 and O hr of nitrogen stress induction respectively. Also the
energy equivalents such as NADH and ATP are highly reactive during 72, 0 h of
nitrogen stress induction (Fig. 2.14).

Targeted metabolites Role

GABA Regulation of energy metabolism Bypasses two steps in
TCA cycle

Glutamate Precursor of chlorophyll

Arginine Regulation of energy metabolism

Sucrose Promotes cell expansion and storage

Citrate Intermediate of TCA cycle.

Succinate Intermediate between the glyoxylate cycle and TCA
cycle.

GTP Regulation of energy metabolism

ATP Regulation of energy metabolism

Glucose-6-Phosphate Intermediate of glycolysis

NAD Regulation of energy metabolism
NADH Regulation of energy metabolism
NADP Regulation of energy metabolism
NADPH Regulation of energy metabolism

Table. 2.1: Role of different metabolites induced by nitrogen stress in eukaryotes.
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Metabolite Control Oh 24h 48h 72h
GABA 703968.5 1004063  776965.5 873432 1180145
glu 443661 574720 648526.5 5516775 644556
arg 1184005 1896099 1145729 7339385 7144455
CIT 6532084 10085954 3498695 2790677 2571782
suc 844696.5  872646.5 1164225 1208297 1210913
GTP 4624835 2570644 2026399 1414486 1722994
ATP 6898568 13299689 11275060 7838441 10230891
sucC 2403608 1486642 1393702 1333580 2963405
G6P 3189667 2872579 3338921 3469893 3433004
NAD 1705166 2241628 1538069 1001045 2071430
NADH 2729403 1462470 2355313 1735672 5437777
NADP 550765.5 731297 6142145 10300 12578

Table. 2.2: The liberation of stress metabolites during nitrogen starvation in

Scenedesmus quadricauda. The peak intensities were extracted from LC-MS

chromatogram and analyzed from average values of three independent experiments

(n=23).
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Fig. 2.14: The heat map of nitrogen stress induced S. quadricauda at 0, 24, 48 and 72

hour and the control S. quadricauda at 1

5th day represented in X axis. The targeted

metabolites were represented in Y axis and the map was generated by heat mapper.
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2.4. Discussion

Stress mediated morphological changes in Scenedesmus species were
described by other research groups. According to Pancha et al. (2014), the cell size
of Scenedesmus species was enlarged in nitrate starved condition. Similarly the cell
length was doubled in Acutodesmus dimorphus under nitrogen starved conditions
(Chokshi et al., 2017). Symbiodinium, when cultured under nitrogen stress, the
average cell size was observed as 7.35 and 6.96 um at day 5 and 7 when compared
to control (6.54 um). Moreover, significant changes in the size and lipid droplets
induced the morphological changes in Scenedesmus obtusiusculus and
Symbiodinium during nitrogen starvation (Jiang et al., 2014). In order to visualize
the lipid droplet accumulation in each cell the nile red staining was performed in
Dunaliella salina after being subjected to nitrogen stress (Yilancioglu et al., 2014).
Major Lipid Droplet Protein (MLDP) was found to be the abundant protein in C.
reinhardtii lipid droplet proteome analysis (Moellering and Benning, 2010, Nguyen
et al., 2011). Tsai et al., (2014) reported MLDP abundance positively correlated
with the TAG accumulation, indicating the co-regulation of lipid droplet and TAG.
On the other hand, the lipid MLDP-RNA. silenced lines show about 40% increase in
lipid droplet size in C. reinhardtii under nitrogen starved condition (Moellering and
Benning, 2010). The present study also reveals that the increased lipid droplets

during nitrogen starvation are the reason for the morphological variation.

Mitochondrion plays a major role in cellular adaptation to abiotic stresses
and is known to induce oxidative stress (Pastore et al., 2007). Mitochondrial
membrane potential (Aym) is the driving force for ATP synthesis in mitochondria
and it is generated by the proton pumping in the electron transport chain. It has been
reported that a correlation between membrane potential and ROS, as it generates
more ROS at high membrane potential (Suski et al., 2012). Similarly mitochondrial
membrane potential and ROS generation was elevated in S. quadricauda during
nitrogen starvation. Rhodamine 123 is a cationic, lipophilic fluorescent probe used
to assay mitochondrial membrane potential in populations of apoptotic cells and it
was measured according to the rate of fluorescent decay which is proportional to the
mitochondrial membrane potential (Baracca et al., 2003). The high membrane
potential leads to increased ROS generation in S. quadricauda under nitrogen

starvation.
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Even though ROS are highly reactive and potent toxic to the cells, they are having
beneficial roles in abiotic stress. These include (i) diversion of electrons from the
photosynthetic machinery in chloroplast to prevent the overload of the antenna and
subsequent damage (Choudhury et al., 2017); (ii) regulation of metabolic fluxes during
abiotic stress; and vital role as (iii) signal transduction reactions mediating the activation
of acclimation pathways during stress (Foyer and Noctor, 2013; Vaahtera et al., 2014;
Considine et al., 2015; Dietz, 2015; Mignolet-Spruyt et al., 2016; Mittler, 2017). The

predominant ROS species such as H202, O2" and OH™ were determined in nitrogen

starved S. quadricauda. Chokshi et al., 2017 reported that 3 days nitrogen starved

Acutodesmus dimorphus showed 2 fold elevated levels of H202 than the control and

simultaneously 4 fold reduction in O2" in nitrogen starved cells. H202 and O2" are
showing inverse relationship, as highly reactive Oz is converted into H202 by the

enzyme superoxide dismutase (SOD). According to them the OH™ and MDA did not

vary significantly in nitrogen stressed A. dimorphus. But in Chlorella sorokiniana C3
showed a significant increase in the MDA level during nitrogen starvation induced
oxidative stress (Zhang et al., 2013). The over production of toxic ROS was neutralized
by the antioxidant scavenging enzymes such as SOD, catalase and ascorbate peroxidase
during nutrient starvation (Bhaduri and Fulekar, 2012; Ali et al., 2005; Yilancioglu et
al., 2014; Zhang et al., 2013; Fan et al., 2014; Ruiz-Dominuez et al., 2015; Salbitani et
al., 2015). Also the Yilancioglu et al., 2014 in Dunaliella salina observed an elevated
level of catalase and peroxidase activity under nitrogen deficient conditions. Their
experimental evidences suggested that the lipid accumulation might be partially induced
by ROS mediated oxidative stress under nitrogen starvation. In order to prove that, they
induced oxidative stress by H202 and the results showed that increased lipid
accumulation during induced oxidative stress with full strength nitrogen source in D.
salina. In addition to that they have claimed that oxidative stress itself can trigger lipid
accumulation and suggested that the lipid accumulation was mediated by oxidative

stress during nitrogen starvation.

The metabolic changes during nitrogen starvation showed low molecular weight
secondary metabolite accumulation and metabolic rearrangement to cope up the stress
(Salama et al., 2019). In order to adjust the metabolic changes, microalgal species
modulates their metabolite synthesis (Paliwal et al., 2017). An elevated level of sugars

(glucose, sucrose and fructose) was observed in salinity and they have a role
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in osmotic homeostasis, carbon storage as well as scavenging of free radicals (Rosa et
al., 2009). Several researchers proposed that the fatty acid synthesis was promoted by
the hyper activity of Tri carboxylic acid (TCA) cycle (Lee et al., 2012; Sweetlove et al.,
2010; Hockin et al., 2012). According to Guerra et al., 2013 the hyper activity of TCA
cycle occurs because the lipid synthesis needs more ATP together with the reduction
power of NADPH during nitrogen starvation. The lipid synthesis after nitrogen
starvation creates a C/N imbalance and it can be adjusted by the protein degradation to
take out the amino acids. The amino acids such as leucine, isoleucine and valine take
part in the synthesis of Acetyl CoA (Allen et al., 2011; Ge et al., 2014) which is the
precursor of fatty acid synthesis. Also the glutamate forms the precursor for chlorophyll
synthesis. GABA is a non- protein amino acid whose levels are found to be increased
during response to nitrogen stress (Xupeng et al.,, 2017). The present study also
indicates that the energy equivalents and non proteinogenic amino acid like GABA were
found elevated during nitrogen starvation in S. quadricauda. During abiotic stress
metabolites of glycolysis and TCA cycle along with these amino acids showed an initial

increase in levels followed by decrease (Zhang et al, 2016).

2.5. Conclusion

The morphological changes as cell size enlargement in S. quadricauda
population were observed under nitrogen starvation. The nitrogen stress induces ROS
which leads to lipid accumulation and lipid droplet maturation; here the major protein
involved in maturation is Major Lipid Droplet Protein (MLDP). It was visualized using
MLDP specific antibody through immuno staining. The nitrogen stress-induced
biochemical changes rely on the mitochondrion, a vital organelle which is primarily
affected due to the oxidative stress-induced Reactive Oxygen Species (ROS) generation

at high membrane potential (Aym). The predominant ROS generated were H202, OH",
02" and in order to suppress the ROS, antioxidant scavenging enzymes like peroxidase
and catalase were quantified. The results showed an inverse correlation between O2~

and H202, also the OH™ and lipid peroxidation in terms of Malondialdehyde. The

Metabolic changes are mainly associated with the liberation of low molecular weight
bio molecules and their levels during abiotic stress condition. The integrated targeted
metabolic analysis was characterized by LC-MS analysis and the results showed stress
related non proteinogenic amino acids and energy equivalents elevated during nitrogen
starvation.
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CHAPTER 3 Molecular Changes — a) Ribosomal Protein L23

3.1. Introduction

In general when Scenedesmus quadricauda subjected to nitrogen starvation it
accumulate 2.27 fold more lipid as TAG (Anand and Arumugam, 2015). The reason
for such lipid accumulation in microalgae was not well addressed and it is of current
interest among researchers. The present investigations aim to understand the Stress
Associated Proteins (SAPs) during nitrogen starvation in S. quadricauda along with
morphological, biochemical and metabolic changes. There are several hypothesis that
explains stress mediated lipid accumulation in microalgae such as (i) decrease in
protein content per cell and rearrangement of chloroplast membrane lipids (ii) for
maintaining cellular redox homeostasis due to excess amounts of reducing power (iii)
storing energy in the form of lipid for the consumption in next favourable condition
and (iv) the cell accumulate lipid during the cell cycle prior to cell division and when
stress is recognized by the cell they block cycle progression that eventually leads to
increased lipid content.

Guarnieri et al., 2011 and Gao et al., 2013, demonstrated the major triggering
factor for the neutral lipid accumulation under nitrogen starvation. Most of the evidences
mainly come across the genes in fatty acid biosynthetic pathways, photosynthetic system
and carbon metabolic pathways. However the exact mechanism for activating these lipid
synthetic genes was not addressed. The stress response genes may be activating the genes
of lipidomic, carbon and other metabolic pathways leading to neutral lipid accumulation
but the knowledge gap is still under study. Possibly the stress signalling molecules may
be activating the signalling pathways during nitrogen starvation. According to that the
nuclear and other organellar genome rearranges the up and down regulation of stress
associated proteins at mMRNA and protein level. Further the stress associated proteins may

be channelling the carbon reallocation into TAG accumulation under nitrogen starvation.

In order to cope up the nitrogen stress, function of some proteins may be
inhibited but the other proteins get induced or enhanced. Mapping of these SAPs clues
mechanism of stress mediated lipid accumulation. Global Insilico, transcriptomic and
proteomic analysis reveals many differentially expressed proteins but there is not much
information is available for specific proteins. Thus the following two chapters describe

about the mapping of SAPs during nitrogen starvation in S. quadricauda.
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3.2. Materials and methods

3.2.1. Extraction of total protein from S. quadricauda in nitrogen starved (N')

and control (N+) conditions

For the proteomic studies, 400 ml of mid exponential phase control (N)

nitrogen rich and nitrogen starved (N at 24 h) S. quadricauda cells were centrifuged

at 10000 rpm for 10 minutes at 4°C. Pellets were washed twice with double distilled
autoclaved water and quickly frozen at -20°C.

For each condition, total protein was extracted from frozen cell pellets.
Briefly, 1ml of lysis buffer was added to cell pellets and homogenized using liquid
nitrogen in a sterile mortar and pestle. The cells were lysed by sonication in the
presence of a protease inhibitor. Then the cell lysate was centrifuged at 12000 rpm
for 20 minutes at 4 °C. The supernatant having soluble proteins were carefully
transferred to clean autoclaved centrifuge tubes. The soluble proteins were
precipitated by 10% trichloroacetic acid (TCA) and 0.07% B-mercaptoethanol, in ice
cold acetone and kept overnight at -20°C. The pellets were collected by
centrifugation at 12000 rpm for 20 minutes. The pellets were then washed thrice in
ice cold acetone having 0.07% B-mercaptoethanol and the pellets were stored at -
20°C. The total proteins were quantified by Bradford method (1976). The proteins

were resolved in 12% SDS PAGE and visualized by Coomassie staining.

3.2.2. Two dimensional Poly Acrylamide Gel Electrophoresis (2D- PAGE)
and mapping of SAPs

A total of 150 pl of solubilisation buffer containing the protein sample was
incubated with the IPG gel strips (pH 3-10, 11cm, Bio-Rad) at 20°C for 15h.
Isoelectric focusing (IEF) was initiated at 250V for 15 min, and gradually ramped to
10,000V over 5h, and remained at 10,000V for an additional 1h. After the IEF run,
the strips were stored at -20°C. Before second dimension, the IPG strips were first
incubated for 10 min in equilibration buffer I, and then incubated for an additional 10
min in equilibration buffer Il. The second dimensional SDS- PAGE was carried out

and run at 120V for 2h, followed by at 180V for 4h. The resolved proteins were

stained with silver staining. Gels were scanned with a Chemi Doc ™ mp Imaging
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system (Bio-Rad). The densitometry analysis was carried out by Gel Quant software,

in order to quantify the differentially expressed protein spots.

3.2.3. In-gel digestion and Peptide Mass Fingerprinting

The proteins were then subjected to in-gel digestion and peptide extraction.
For that the SAP spots were excised from stained gels and transferred to micro
centrifuge tubes under protease free conditions. The protein spots were destained
using 200mM NH4HCOs and 40% acetonitrile at 37°C for 10 minutes. Subsequently,
in-gel trypsin digestion was performed by adding 20ug/ml trypsin in 40mM
NHsHCOs, 9% acetonitrile and 1mM HCI and incubated at 37°C. After this step the

supernatant having protein were collected for further identification by Matrix-
Assisted Laser Desorption/lonization-Time-Of Flight (MALDI-TOF).

3.2.4. Identification of SAPs by MALDI-TOF

After the in-gel digestion and peptide extraction, 1:1 ratio with 10-20 mg/ml
peptide solution was spotted onto the plate for MALDI-TOF. Then the analysis was
carried out using ultraflextreme MALDI-TOF/ TOF from Bruker Daltronik.
Combined peptide mass fingerprinting (PMF) and MS/MS queries were performed
by the MASCOT search engine against the NCBI database.

3.2.5. Gene level confirmation of SAPs in S. quadricauda

The identified protein sequence (protein and nucleotide) were retrieved from
NCBI database. Primer sequence was designed for the particular proteins depending
on the CDS sequence. The genomic DNA was isolated from S. quadricauda (Plant
genomic DNA isolation kit, Sigma) and quantified using Nano Drop (ND 1000
spectrophotometer). The isolated DNA of S. quadricauda was visualized by 1%
agarose gel electrophoresis. Further primer sequence was designed for the SAP2
(Stress Associated proteins 2 - Ribosomal protein L23) from the sequence of S.
obliquus since the genome information of S. quadricauda was unknown. A set of
primers as ORF (Open Reading Frame) specific primer and Real time primer were
synthesized using clone manager software. The Ribosomal protein L23 (RPL 23) was
amplified using orf specific primer (RPL23-F and RPL23-R) and real time primer
(RPL23-RT-F and RPL23-RT-R) (Table. 3.1) by Polymerase Chain Reaction (PCR).
PCR conditions (orf specific and real time primer) followed for amplifying RPL 23
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was initial denaturation: 95°C for 5 minutes; denaturation: 95°C for 1 minute;
annealing temperature: 48°C for 1 minute; extension: 65°C for 2 minutes and final
extension: 65°C for 10 minutes. The amplicon was further purified and sequencing

was carried out.

3.2.6. PCR product purification by Poly Ethylene Glycol (PEG)

About 50 pl of PCR amplicon was taken and to that added equal volume of
PEG-8000 and mixed thoroughly by vortexing. Then the PCR and PEG mixture
were incubated in a water bath at 37 °C for 15 minutes. The mixture then
centrifuged at 5200 rpm for 15 minutes at room temperature. Removed the
supernatant and pellet was washed with 125 ul of ice cold 80 % ethanol added to
each PCR tube. Centrifuged for 2 minutes at 20 °C temperature at 3900 rpm and
removed the supernatant. Dry off the pellet to remove any traces of ethanol. The
pellet was dissolved in equal amount of 50 ul of nuclease free water and the

concentration was quantified using Nano Drop.

3.2.7. Isolation of total RNA from control (N+) and nitrogen starved (N') S.

quadricauda

The S. quadricauda was grown in N* and N~ medium in biological

triplicates. Both the samples biomass was harvested at 3, 6, 8, 24, 48 and 72 hours.
The RNA was isolated using Pure Link mini kit Ambion, Life Technologies. The
steps includes: collection of fresh biomass by centrifugation at 10000 rpm for 10
minutes. The working place, mortar and pestle (chilled) were wiped well with 70 %
ethanol and after with RNase ZAP solution. Then the centrifuged pellets were
reconstituted with the lysis buffer and immediately grind the cell using liquid
nitrogen in mortar and pestle. Further the steps were followed as per the protocol.
The eluted RNA was quantified spectrophotometrically. The finally eluted RNA
sample was visualized in formaldehyde agarose gel electrophoresis.

3.2.8. cDNA synthesis

Resuspended 10 pg of RNA in 1x DNasel reaction buffer to a final volume
of 100 pl and add 2 units of DNase | (New England Biolabs), mixed thoroughly and
incubated at 37 °C for 10 minutes. 1 pl of 0.5 M EDTA was added prior to the heat

inactivation at 75 °C for 10 minutes. Then the DNase treated RNA was quantified
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spectrophotometrically and the concentration were equalized in each sample. Further
the cDNA was synthesized from the total RNA isolated from S. quadricauda using
first strand cDNA synthesis kit (New England Biolabs).

3.2.9. Quantification of SAP2 (RPL 23) expression —Real Time PCR (RT- PCR)

The differential expression of Ribosomal Protein L23 (SAP2) was quantified
using SYBR Green Real-time quantitative PCR (CFX 96 "™ Real-Time System BIO-

RAD). The reaction mix was prepared according to the protocol of DyNAmo HS
SYBR Green qPCR Kit (Thermo scientific). The RPL 23 was located in chloroplast,
thus organelle specific consecutive gene such as rbcl (Ribulose bisphosphate
carboxylase) were used as internal control to normalize difference between the target
genes. The reaction conditions were set as follows; 40 cycles of 95°C for 10 s,
appropriate annealing temperature as 55°C for 1 minute, with an additional initial 5
minute denaturation at 95°C in Mini opticon Real Time — PCR system (BIO-RAD).
The melt curve of temperature difference is 65- 95°C with a 0.5°C increment. The
relative expression after the reaction was analysed and normalized graph were plotted
using the software BIO-RAD CFX Manager.

Name of primer Sequence Used for
RPL23 F 5’ATGGCTGATTTTATTAAATACCCAGTAACAACTG3’ OREF specific
primer
RPL23R S’AAATTGAATAGATTGACCTTCTTTTAATGTTAAAA
TTAC3’
RPL 23-RT-F S’CATTTGATGTTGATTTACGATTAACAAAACCTC3’ Real time PCR

RPL 23-RT-R 5’CCAGCACGTACTTTTTTTCGTGGTGG3’

RBCL-RT-F 5' GCTCAGTCTGAAACTGGTGAAATTAAAGGTCACTA Internal control
CTTAAACGC3' for RT PCR
RBCL-RT-R 5' CCTGAGTGTAAGTGGTCACCACCTGACAGACGAAGS

Table. 3.1: List of primers used for amplification of Ribosomal protein L23
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3.3. Results

3.3.1. Identification of SAPs during nitrogen starvation

The total proteins of nitrogen starved (N°) S. quadricauda were resolved
using 12% SDS PAGE to view the change in protein profile of the respective
conditions. The pattern of protein separation showed a marked difference in the gel
(Fig. 3.1). Although there is a marked difference in SDS- PAGE protein bands
cannot be identified. Thus 2D- PAGE was performed and it revealed the up

regulated and down regulated protein spots in the control (N) and nitrogen starved

(N") conditions. The differentially expressed protein spot on the 2D gel was named
as nitrogen Stress Associated Proteins (SAP) and densitometry analysis was done by
Gel Quant software (as described in materials and methods 3.2.2). There are about
10 protein spots marked as SAP (Fig. 3.2) in both N* and N™ conditions. In that,
SAP 1, 2 and 7 were present only in nitrogen starved condition. SAP 3 was about 11
fold up regulated in nitrogen starved S. quadricauda. The down regulated protein
SAP 10 was 10.27 fold down regulated in nitrogen stressed condition. The other
proteins SAP 4, 5, 6, 8 and 9 were down regulated as 1, 1.85, 1, 2.7 and 2.3 fold
respectively (Table. 3.2 &Fig. 3.3). Thus the 2D profile of nitrogen starved sample
indicates that there is a marked difference in the protein expression when compared
to nitrogen rich condition.

SAP 1-5 protein spots were excised from the 2D gel and analysed by
MALDI-TOF (Scheme. 3.1). The MASCOT analysis revealed possible matches of
protein mass ratio of SAP 1 as mitochondrial ORF 151 protein, SAP 2 as ribosomal
protein L23 (RPL 23) and SAP 3 as envelope membrane protein in Acutodesmus
obliquus. The SAP 4 shows matches with ATP synthase [ subunit of Scenedesmus
quadricaudus (Table. 3.3). Further studies were carried out with SAP 1 and SAP 2.

KDa — = =
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Fig. 3.1: Total protein profile of control (N*) and nitrogen starved (N) S.
quadricauda. M; Marker, Lane 1 and 3: control protein samples in 50 and 100 pg;
Lane 2 and 4: nitrogen starved protein samples in 50 and 100 pg.
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Fig. 3.2: Protein profiling of control (N™) and nitrogen starved (N) S. quadricauda

by 2D- PAGE. The total protein samples were precipitated by TCA- Acetone
method and the pelleted protein were redissolved in rehydration buffer. The
normalized protein sample were subjected to Isoelectric focusing in pH 3-10, 11 cm
IPG strips and further visualized by SDS - PAGE.

Stress Associated Proteins N+ N-
SAP-1 - 4
SAP-2 - +
SAP-3 1 11.06
SAP-4 1 -1.09
SAP-5 1 -1.85
SAP-6 1 -1.14
SAP-7 - +
SAP-8 1 2.7
SAP-9 1 -2.26

SAP-10 1 -10.27

Table. 3.2: Densitometry quantification of Nitrogen Stress Associated Proteins
expression during nitrogen stress (SAP 1-10). SAP 1, 2 and 7 are only expressed in

the N™ condition. Though the differential expression of these proteins cannot be

calculated by densitometrically.
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Fig. 3.3: Densitometry quantification of Nitrogen Stress Associated proteins (SAP

1-10). The X axis represents the stress associated proteins and Y axis represents the

protein expression in folds.

SAPs were excised Peptide extract was

from 2D PAGE gel In gel digestion b spotted onto the

and stored in 50% trypsin digestio plate for MALDI —
methanol. TOF MS

MS data were
interpreted by

MASCOT analysis

Scheme. 3.1: Flow chart describing the mapping of stress associated proteins in

nitrogen deficient S. quadricauda.

Spot ID Gl Number /Name
SAP1  qi[7711048
ORF151 (mitochondrion) [Acutodesmus obliquus]
SAP2  @il124021007

Ribosomal Protein L23(Chloroplast) [Acutodesmus

obliquus]
SAP 3  (il108773073
Envelope membrane protein (chloroplast)

[Acutodesmus obliquus]
SAP4  (i|23503589
ATP synthase beta-subunit, partial (chloroplast)

[Scenedesmus quadricaudus]

Mass
17943

10496

50073

40772

Table. 3.3: Mapping of nitrogen stress associated proteins in S. quadricauda by

MALDI-TOF.
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3.3.2. Gene level confirmation of RPL 23 in S. quadricauda

The MALDI- TOF analysis of stress associated proteins revealed SAP 2
as ribosomal protein L23 (RPL 23) of Scenedesmus obliquus. Then the protein and
nucleotide sequence of ribosomal protein L23 were retrieved from NCBI. In order to
confirm these proteins at gene level the primers were designed based on the RPL 23
sequence of S. obliquus in S. quadricauda. The ribosomal protein L23 was amplified
using ORF specific primer, RPL23-F& RPL23-R and real time primer (RPL23-RT-F
& RPL23-RT-R) yielded amplicon size of about 270 bp and 121 bp respectively (Table.
3.1; Fig. 3.4 a & b). Further the 270 bp product was purified by Poly Ethylene Glycol
PCR product precipitation method as the amplicon is having a single product. The
purified DNA has 40 ng/ul with a 260/280 of 1.82. Then the purified PCR product of
RPL 23 was subjected for sequencing (Fig. 3.4c). The trimmed sequence of RPL 23 was
then aligned for sequence similarity by NCBI-nBLAST, CLUSTAL W2 pair wise
alignment tool. The sequence similarity by nBLAST showed about 90 % identity to
Scenedesmus obliquus (Fig. 3.5). The alignment results showed that 70.4% identity to
the RPL 23 of Acutodesmus obliquus (Fig. 3.6).

C

Ribosomal Protein L23 (RPL23) Forward (211 bp)

S5TTATTTAAAATAAACAATACACATTTGATGTTG

ATTCAAGATTAACAAAACCTCAAATCAAAAAATT
ATTTGAAACATTATTTGGTGTAAATGTTATTGGA
ATTAACACGCATAGACCACCTCGAAAAAAAGTT

GTACTGGAACATCAACTGGTTATAAACCAGCAT

ATAAAAGAGTAATTTTAACATTAAAAGAAGGTCA
ATCTATTCAZ

Fig. 3.4: Gene level confirmation of Ribosomal protein L23 in S. quadricauda. a) M:
Marker; lanel: SAP1; lane 2: SAP2 (RPL 23) amplification with ORF specific
primer; b) lane 3: RPL 23 amplification with real time primer and c) represents the

trimmed sequence of RPL 23 in S. quadricauda.
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CP1P_CPForward. 28514-1_8544 Trimmed Sequence(211...
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Fig. 3.6: Sequence alignment of RPL 23 by CLUSTAL W2.
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L23 3.3.3. RPL 23 and its characteristics

Ribosomal proteins have conjunction with rRNA and make up the ribosomal
subunits involved in the translation process. The RPL 23, its function and other
characteristics were searched in Uniprot and PDB server. The molecular function of
RPL 23 was described as rRNA binding, and it specifically binds to 23 S rRNA and
is involved mainly in translation. It has a molecular weight of 10317 Da and it is a
part of the 50 S ribosomal subunit (Fig. 3.7). The RPL 23 was located in chloroplast
and mainly comes in the family of universal ribosomal protein uL23. The previous
reports about RPL 23 in plants suggest that they have a role in abiotic stress. The
individual protein was not yet studied and also its role during nitrogen starvation is

an interesting area to elucidate.

SAP 2 [Ribosomal Protein L.23 (RPL 23)]

Function : Binds to 23srRNA

Molecular function : rRNA binding

Biological process : Translation

Molecular size :10317Da

Subcellular location: Chloroplast

Interaction : part of the 50s ribosomal subunit

Family &Domain  : universal ribosomal protein ulL23 family.

Fig. 3.7: Characteristics of SAP 2 [Ribosomal protein L23 (RPL 23)] and its basic

information from Uniprot and PIR.

3.3.4. Quantification of differential expression of RPL 23
For quantifying the differential expression of RPL 23, RNA samples were

extracted at 3, 6, 8, 24, 48 and 72 hours from nitrogen starved (N”) and control (N*)

S. quadricauda (Fig. 3.8). The DNase treated RNA was used for synthesis of
cDNA (Table. 3.3). The time course AACt curve analysis of Ribosomal protein L23
showed that the gene was up regulated to 2.6 fold at 6 hours in nitrogen stress
induced samples compared to control. After that there is a sharp decline in the
expression of RPL 23 (0.47) during 8 hour of nitrogen stress induction (Fig. 3.9).
The rbcl gene of chloroplast was used as internal control for normalizing
differential expression of ribosomal protein L23. The RBCL gene was amplified
using primers of RBCL-RT-F and RBCL-RT-R (Table. 3.1).
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N+ N-

28s rRNA
18s rRNA

Fig. 3.8: Total RNA isolation from S. quadricauda. RNA was isolated from
nitrogen sufficient (N+) and nitrogen deficient (N-) S. quadricauda, further

visualized in formaldehyde agarose gel.

SI.No. Sample Concentration (ng/pl) 260/280

1 N* 3hr 127.8 2.20
2 N"3hr 182.2 2.22
3 N* 6hr 472.4 2.16
4 N’6hr 292.8 2.20
5 N* 8hr 759.3 2.23
6 N’8hr 504.6 2.16
7 N* 24hr 229.2 2.10
8 N24hr 87.8 2.06
9 N* 48hr 149.0 2.23
10 N"48hr 167.9 2.09
11 N* 72hr 537.8 2.10
12 N72hr 1335 2.09

Table. 3.4: Total RNA isolation from control (N+) and nitrogen starved (N-) S.
qguadricauda. Concentration of RNA and quality were assessed using

spectrophotometer.
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Fig. 3.9: Differential expression and quantification of RPL 23 by RT-PCR using
control (N+) and nitrogen starved (N-) cDNA of S. quadricauda.

3.4. Discussion

Nitrogen stress causes halt in cell division followed by metabolic
rearrangement in microalgae. In order to cope up the stress microalgae alters protein
expression. It is governed through inhibition of functional protein by down
regulation of genes, and other proteins get induced by up regulation of genes.
Proteomics has been an effective omics study to study the changes in protein during
induced and uninduced conditions (Zhao et al., 2016). In order to visualize the
differential expression of proteins MALDI-TOF analysis along with large 2

Dimensional gel electrophoresis has become a powerful tool (Castielli et al., 2009).

De Lomana et al., 2015 proposed a mechanistic model of Transcriptional
Regulatory Network (TRN) controlling the lipid accumulation during nitrogen
stress. When C. reinharditi was subjected to nitrogen starvation, the early stress
response was triggered within 12 minutes. The early nitrogen stress response
activated key signaling pathways while simultaneously preparing the lipid
accumulation for later stages and ubiquitin mediated protein degradation (De
Lomana et al., 2015). Similarly, proteomics is also employed for studying the
effects of nitrogen starvation in C. reinharditi (Wase et al., 2015), Nannochloropsis

oceanica (Dong et al., 2013) and Chlorella protothecoides (Gao et al., 2014).
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Further one of the nitrogen stress associated protein in S. quadricauda was
identified as RPL 23 (Chloroplast). Generally ribosome biogenesis is a tightly organized
multistep process, at that time ribosomal proteins are synthesized in the cytoplasm and
immediately transported to the nucleolus where they are assembled into the pre-
ribosome with the rRNA. According to Zhang and Lu, 2009; Zhou et al., 2012 and Zhou
et al., 2015 when ribosomal stress or nucleolar stress occurs it resulted in accumulation
of ribosome free form of ribosomal proteins. The ribosomal stress was induced by
disturbances in any of the steps in ribosome biogenesis. The ribosomal stress causing
stimuli are (i) chemical agents or radiation, (ii) lack of nutrients including serum or

glucose starvation and (iii) gene deregulation.

The RPL 23 was not studied in microalgae particularly under nitrogen
starvation. Thus the available information of RPL 23 during abiotic stress was reported
in plants. Chloroplat ribosomal proteins have a major role in plant growth and
development. But the functions of individual ribosomal proteins remain unknown.
Zhang et al., 2016 reported that ribosomal protein S5 (RPS 5) in translation, other than

that it is involved in photosynthesis and cold stress resistance in Arabidopsis.

3.5. Conclusion

Scenedesmus quadricauda when exposed to nitrogen stress leads to TAG
accumulation with a drastic reduction in total protein. The total protein pattern of
nitrogen sufficient and deficient showed a differential expression of proteins. Those
nitrogen Stress Associated Proteins (SAPs) were identified as mitochondrial orf 151
(SAP 1), Ribosomal protein L23 (RPL 23) (SAP 2), envelope membrane protein (SAP
3) and ATP synthase B subunit partial (SAP 4) of S. obliquus. From these identified
proteins, RPL 23 was confirmed at gene level in S. quadricauda. Further the
differential expression quantification of RPL 23 revealed an up regulation of the
MRNA at 6 hour of nitrogen stress induction i.e., in the early stage of nitrogen
starvation in S. quadricauda. But the actual role of RPL 23 during nitrogen
starvation is a curious study to elucidate the relation between stress biology and

ribosomal proteins.
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CHAPTER 4 Molecular Changes — b) LAGLIDADG Endonuclease

4.1. Introduction

The lipid biosynthetic pathway may play a major role in the abiotic stress
response, in addition to functioning as carbon and energy reserve under
environmental stress conditions in algae (Hu et al.,, 2008). The metabolic
rearrangement of carbon and lipid pathways may be activated by the stress response
genes during environmental harsh condition. The major evidences for the query
covers different omics approaches like transcriptomics, proteomics, lipidomics and
metabolomics which explains the key regulators and proteins for TAG accumulation
under nitrogen starvation (Guarnieri et al., 2011). The individual stress response
proteins and its function during nitrogen starvation are poorly studied.

The Nitrogen Stress Associated Protein 1 (SAP1) was identified as
mitochondrial ORF 151 of S. obliquus. SAP1 got more interest for further study as it is
from mitochondrial origin. Mitochondria are the energy house of a cell and are principal
regulators of cellular function and metabolism. They produce ATP and regulate energy
homeostasis, Ca homeostasis, apoptosis and fatty acid oxidation. In addition to that,
they also play a major role in signaling through the production of Reactive Oxygen
Species that mediate redox signaling (Hill and Remmen, 2014). Mitochondria are
thought to have originated from an alpha-proteobacterial ancestor that was engulfed by
a primitive eukaryotic host. The mitochondrial genes were either transferred to nucleus
or lost completely (Barbrook et al., 2010), thus exhibiting a limited number of genes in
the genome. The structural alignment of mitochondrial genome varies among eukaryotic
lineages; whereas the common structure is a contiguous circular DNA molecule (Gray
et al., 2012). Two types of mitochondrial genomes have been reported in green algal
lineages (Nedelcu et al., 2000). i) The Chlamydomonas- like type having a small
genome size (16-25 kb), limited gene content and rRNA coding regions. ii) The
Prototheca — like type having a larger genome size (45-55 kb), a more complex set of
protein- coding, tRNA and rRNA genes (Nedelcu et al., 2000; Nedelcu 1998; Gray et
al., 1998; Turmel et al., 1999).

LAGLIDADG Endonuclease was differentially expressed in S. quadricauda
during nitrogen starvation as a stress associated protein. LAGLIDADG endonuclease
comes under the Homing endonuclease (HE) family. Homing involves an intervening

sequence that is being copied into a cognate allele that lacks it. LAGLIDADG
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Homing Endonuclease (LHE) are highly specific DNA-cleaving enzymes that
recognize long DNA sequences and generate double strand breaks. They are also
known as mega nucleases, which are highly sequence-specific enzymes with
recognition sequence ranging from 12-45 bp in length. HEs are grouped into several
families, of which LAGLIDADG family is the most abundant. Members of the
LAGLIDADG family are of two types. Enzymes that contain a single
LAGLIDADG motif, such as I-Cre I and I-Ceu | act as homodimer and recognize
consensus DNA target sites. Enzymes that have two LAGLIDADG motifs act as
monomers. For example I-Cre | is active when a divalent cation (Ca2+) is bound to
its active site (D20). Further the LHE conformational change observed in two loop
regions. Residues of 29-37 connects 1, B2 strand to participate in DNA binding and
it donates side chains (Asn-30, Ser-32, and Tyr-33) to nucleotide contacts at the
ends of the homing site in Cre-1 and finally together with many conformational
change they performs the DNA cleavage (Jurica et al., 1998).

Mitochondrial stress responsive genes include ion and water transporters, ROS
scavengers, signaling and transcriptional regulation. Mitochondria and chloroplasts are
the primary sites for the production of the ROS (Date et al., 2000; Van Breusegem et al.,
2001). The cells under stress initiates stress adaptive mechanisms by stress response
inducers like signaling molecules for survival. During that time the cell defense
mechanism is mainly controlled by the expression of stress responsible genes and
proteins. One such gene is SAP1, its expression and relevance in S. quadricauda during
nitrogen starvation is reported in the present study. The over expression of protective

genes might help to reduce the deleterious effects of the abiotic stress.

Like chloroplasts, mitochondria also generate retrograde signals that are crucial
for stress responses. Mitochondrion produces ROS and many metabolites, some of
which may serve as retrograde signals (Ng et al., 2014). For example, mitochondrial
DEXH box RNA helicase or mitochondrial pentatricopeptide repeat protein dysfunction
causes ROS accumulation and plant stress hormone abscisic acid (He et al., 2012).
Mitochondrial Retrograde Signaling (MRS) communicates the dysfunctional
mitochondrial status to the nucleus and triggers subsequent induction of genes encoding
proteins involved in recovering mitochondrial functions. Plant MRS mainly targets
nuclear transcripts involved in protein synthesis, photosynthetic light reactions and plant

pathogen interactions (Schwarzlander et al., 2012). The signaling
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sources of MRS include ROS, redox and calcium (Rhoads, 2011). Protein kinases
such as CDKEL (Ng et al., 2013) play important roles in MRS transduction via
phosphorylation cascades that respond to the stress (Kovtun et al., 2000). Stress
responsive transcription factors such as WRKY, bZIP and Dof families (Zhang et
al., 1994; Chen et al., 2002) are potential candidate for MRS in regulating nuclear
gene expression. With this accumulating knowledge, the actual sensors within the
organelle and the secondary messengers of the signaling cascades involved in

nitrogen stress mediated lipid accumulation are still largely unknown.

4.2. Materials and methods

4.2.1. Confirmation of SAP 1 in S. quadricauda

The identified protein sequence (protein and nucleotide) were retrieved from
NCBI database. The genomic DNA was isolated as described in materials and
methods of chapter 3.2.5. Further primer sequence was designed for the SAP1
(Stress Associated proteins 1- Mitochondrial ORF 151) from the sequence of S.
obliquus since the whole genome of S. quadricauda was not yet sequenced. A set of
primers as ORF (Open Reading Frame) specific primer and Real time primer
(Mt151-F & Mt151-R; Mt151-IP-F & Mt151-1P-R) were synthesized using clone
manager software (Table. 4.1). Along with these primer sets, housekeeping gene
primers such as COX1-RT-F & COX1-RT-R were also synthesized (Coxl1) as
internal control for the expression analysis (Table. 4.1). The mitochondrial orf 151
was amplified using ORF specific primer by PCR. PCR conditions (ORF specific)
followed for amplifying ORF 151 was subjected to initial denaturation: 95°C for 5
minutes; denaturation: 95°C for 1 minute; annealing temperature: 52°C for 1
minute; extension: 75°C for 1 minutes and final extension: 75°C for 10 minutes. The
ORF specific primer should give a product of 500 bp instead it was obtained as a
700bp product. Similarly the other primers also tried to amplify ORF 151 in S.
quadricauda. But the amplification of mitochondrial ORF 151 failed in S.
quadricauda. Since sequence homology based primer of S. obliquus are different
from S. quadricauda, thus we decided to go for mitochondrial genome sequencing
of S. quadricauda CASA CC202 at Genotypic Technologies.

4.2.2. Mitochondrial Genome Sequencing of S. quadricauda CASA CC202
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Illumina NextSeq500 Paired-end sequencing with 150*2 was used for the

mitochondrial genome sequencing of green microalgae Scenedesmus quadricauda.
The Hlumina paired end raw reads were quality checked using Fast QC1. Illumina
raw reads were processed by in-house Perl script for adapters and low quality bases
trimming towards 3'-end.
Assembly of Illumina Next Seq data was carried out with SPAdes-3.5.02; the
assembled contigs were scaffolded using SPAdes built in scaffolding program.
Protein-coding genes were predicted using GeneMarkS 4.283/ ORFfinder7.
Predicted proteins were annotated by the homology search against NCBI NR
database using BLAST-2.5.04. rRNA prediction was performed using RNAmmer-
1.25/ RNAweasel8 and one rRNAs was predicted. tRNA genes were predicted using
tRNAscan-SE-1.216 (Scheme. 4.1).

lllumina NextSeq500 Assembly of Illlumina

Paired-end sequencing raw reads were quality Next Seq data -
with 150%2 checked using FastQC1 SPAdes-3.5.02
tRNA genes prediction rRNA prediction — Protein-coding genes -
- RNAmmer-1.25/ GeneMarksS 4.283/
tRNAscan-SE-1.216 RNAweasel8 ORFfinder7

Scheme. 4.1: Protocols for whole mitochondrial genome sequencing of S.
quadricauda CASA CC202.

4.2.3. Conservation of S. quadricauda mitochondrial genome

In order to construct phylogenetic tree Sequences were aligned with
MUSCLE. After alignment, ambiguous regions (i.e. containing gaps and/or poorly
aligned) were removed with Gblocks. Forty mitochondrial genome of different
microalgae were collected from NCBI (Table. 4.4). The phylogenetic tree was
reconstructed using the maximum likelihood method implemented in the PhyML

program. The HKY85 substitution model was selected assuming an estimated
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proportion of invariant sites (of 0.069) and 4 gamma-distributed rate categories to
account for rate heterogeneity across sites. The gamma shape parameter was
estimated directly from the data (gamma=0.835). Reliability for internal branch was
assessed using the aLRT test (SH-Like). Graphical representation and edition of the
phylogenetic tree were performed with TreeDyn.

4.2.4. LAGLIDADG Endonuclease motif search and structure prediction in S.

quadricauda

The predicted protein sequences of S. quadricauda whole mitochondrial
genome were searched for LAGLIDADG motif using NCBI Conserved Domain
Search —NIH. Then the protein sequence of LAGLIDADG Endonuclease in
microalgae was retrieved from NCBI and sequence aligned using CLUSTAL W2.
The secondary structure of LAGLIDADG endonuclease was predicted by Swiss
model and Phyre.2.0 software. The predicted secondary structure was validated by
Ramachandran Plot. The LAGLIDADG Endonuclease structure was aligned using
PYMOL software. As the LHE is an endonuclease it binds to the DNA, therefore
DNA binding sites were determined by Protein Predict software. Molecular weight
and amino acid composition of LHE were calculated by Protein Information
Resource (PIR).

4.2.5. Gene level confirmation of LAGLIDADG Homing Endonuclease (LHE)
in S. quadricauda

The LHE gene was amplified using the isolated S. quadricauda DNA (Materials
and methods 3.2.5). The reaction condition was as follows, for ORF specific primer
(LAL-ORF-F & LAL-ORF-R) initial denaturation of 95 °C for 5 minute, denaturation at
95 °C for 1 minute, annealing at 58 °C for 1 minute, extension at 72 °C for 1 minute and
final extension as 72 °C for 10 minutes (Table. 4.1). Since the ORF specific primer not
covering the full length sequence of LHE. Therefore the primers were designed 300 bps
away from LHE in both upstream and downstream. Further the upstream downstream
primers (LAL-UD1F & LAL-UD1R; LAL-UD2F
& LAL-UD2R) were used in order to get full length of the sequence (Table. 4.1). The
PCR reaction conditions as initial denaturation of 95 °C for 5 minute, denaturation at 95
°C for 1 minute and 15 seconds, annealing at 50 °C for 1 minute, extension at 72 °C for

1 minute and final extension as 72 °C for 10 minutes. Then the amplicons

63



CHAPTER 4 Molecular Changes — b) LAGLIDADG Endonuclease

sequence confirmed by Sanger’s sequencing method. Then the LHE gene sequence

was submitted in GenBank - NCBI, a public gene repository.

4.2.6. Expression analysis of LAGLIDADG endonuclease by RT- PCR

The RNA was isolated from control (N*) and nitrogen starved (N) S.
quadricauda and treated with DNase to remove the genomic DNA. The cDNA was
synthesized as explained in materials and methods (Chapter. 3.2.8). The differential
expression of LHE (SAP1) was quantified by SYBR Green Real-time quantitative
PCR (CFX 96™ Real-Time System BIO-RAD) using the real time primer sets such
as LAL-RT1-F & LAL-RT1-R; LAL-RT2-F & LAL-RT2-R (Table. 4.1). COX1
(COX1-RT-F & COX1-RT-R) was used as internal control to normalize differences
between the target genes as LHE is from mitochondrial origin (Table. 4.1). The
reaction conditions were set as follows; 40 cycles of 94°C for 10 s, appropriate
annealing temperatures for 30 s, and 72°C for 30 s, with an additional initial 15
minute denaturation at 95°C and a 5-minute final extension at 72°C. The relative
expression was analysed and the normalized values were plotted as a graph using
the software BIO-RAD CFX Manager.

4.2.7. Cloning of LAGLIDADG endonuclease of S. quadricauda
4.2.7.1. Restriction digestion of LHE and plasmid DNA

The LHE gene was amplified using primer (LAL-C-F & LAL-C-R) with
restriction sites of BamHI and Hindlll (Table. 4.1). The PCR conditions were set to be,
initial denaturation of 95 °C for 5 minute, denaturation at 95 °C for 1 minute, annealing
at 58 °C for 1 minute, extension at 72 °C for 1 minute and final extension as 72 °C for
10 minutes. The amplicon were visualized in agarose gel and purified by gel extraction
kit (Qiagen). Simultaneously plasmid DNA of pET28a was isolated from Escherichia
coli BL21DES3 cells using Plasmid DNA isolation kit (Mini prep isolation kit-Qiagen).
The plasmid DNA and LHE gene concentration was quantified using Nano Drop
(NDZ1000- Spectrophotometer). Plasmid DNA and LHE gene were then double digested
with restriction enzymes as BamHI and HindIIl. For 1 ug of DNA 1pl of enzymes were
added and incubated at 37 °C for 1 h. After that the double digested plasmid DNA and
LHE were gel extracted and purified. The purified
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LHE and plasmid DNA of pET-28a were ligated using Quick T4 DNA ligase (New
England Biolabs) for 5 minutes at 25 °C.

4.2.7.2. Transformation and antibiotic selection of transformants

E. coli BL21DE3 competent cells were transformed with 10 pl of ligated
product and by heat shock at 42 °C for 60 seconds. The tubes were kept back in ice
after the heat shock for 3 minutes. The transformants were revived by adding 900 pl
of Luria Bertani (LB) broth and incubated at 37 °C for 2h, 200 rpm. After
incubation the tubes were centrifuged at 8000 rpm for 2 minutes and the pellet were
dropped on to an LB plate with Kanamycin selection (100pg/ml). The positive
transformants were analysed by colony PCR. Further the plasmid DNA was isolated
from positive clones and PCR was carried out using vector and LHE primer sets
LAL-C-F & LAL-C-R (Table. 4.1). Then the plasmid DNA was double digested
with BamHI and Hindlll, to observe the insert release and gene orientation analysis.
Also it was confirmed by sequencing. The sequencing results of clone plasmid DNA

with LHE gene was then aligned using CLUSTAL W2 pair wise alignment method.
4.2.8. Clone over expression in Escherichia coli

A culture of each clone carrying a LHE gene was grown in LB broth (50 ml)
at 37 °C, 200 rpm. At mid-exponential phase (0.6 OD at 600 nm) gene expression
was induced by adding IPTG to a final concentration of 1mM. Cells were further
incubated for 3 hour and collected by centrifugation at 8000 rpm for 5 minutes.
Then the pellet of uninduced and induced cultures were resuspended in 1.5 ml of ice
cold buffer containing 50 mM Sodium phosphate buffer pH-8.0, 0.5 mM NaCl and
1 mM PMSF. The resuspended cells were disrupted in an ultra sonicator with the
following conditions pulser 1s on off cycle, 30 % amplitude at 4 °C until the cell
turbidity becomes clear. Then the tubes were centrifuged at 12000 rpm for 30
minutes at 4 °C. Carefully collect the supernatant and pellet separately and keep the
samples at 4 °C. The protein concentration of the cell lysate was quantified by
Bradford method (1976). Then the normalized protein samples were visualized in a
12 % SDS- PAGE followed by Coomassie staining.
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Name of primer

Sequence

Used for

Mt151-F 5’ATGCTGCCACCTTTTCTTTTTGAAG3’ Orf 151 of S. obliquus
amplification in
Mt151-R 5’TGAGCTCTTCAACTATTTGAATATTTTCTTTTTG3’ | s quadricauda
Mt151-IP-F 5’GATTGGGAGATAGGAGTTAGTATACCACTAAAA Orf 151 of S. obliquus
CAAAAGGCTC3’ amplification in
Mt151-IP-R 5’GAGTAAATCCCATTGTTCTCTAAATAATTTCGTTA S. quadricauda for real
TTTTCTGC3’ time PCR
SQORF42-F 5'ATGAAGGTGTCTCCGATCGACTCTAGTG3’ Amplification of ORF 42
SQORF42-R | 5 TTAATTCTTGTTATTCAGACTATCCAGATGCTCCCS | N S- quadricauda
LAL-UD1F 5S’CTTTCCTTTGGCAGCAAAGC3’ Full length amplification
of LHE by upstream
LAL-UDI1R 5’ACTAGTAAACGGCAACTAGC3’ downstream primer
LAL-UD2F 5’GTAGTTACTTGGCGGGATTG3’ Full length amplification
of LHE by upstream
LAL-UD2R 5’GCACCAATCATTACGGGAAC3’ downstream primer
LAL-RT1-F 5’CGAGTACAAACCACATATCG3’ LHE amplification for
LAL-RT1-R 5’AGGAAGTGTAAGATTTACCC3’ RT- PCR
LAL-RT2-F 5’CGAGTACAAACCACATATCG3’ LHE amplification for
LAL-RT2-R 5’ACAGGAAGTGTAAGATTTACC3’ RT- PCR
COX1-RT-F 5'CCTCTCTTTGTATGGGCATTGTGCTTTGTAAGS3' Consecutive primer for
COX1-RT-R 5'GGTGAGCCCACACCTAGAACCCCTACACG3' RT PCR
MTCOX2-RT-F | 5’GGAGGGGATCTCTGATTTGAATGCAGAC 3' Consecutive primer for
MTCOX2-RT-R | 5'GACGACCAATAACTTTAACAGTTAGCATGGGC3' RT PCR
LAL - C-F 5'GGATCCATGAAGGTGTCTCCGATCGACTCTA LHE amplification with
GTG3 the Restriction sites of
LAL-C-R 5AAGCTTTTAATTCTTGTTATTCAGACTATCCAGA Bam HI and HindllI for

TGCTCCC3'

cloning in pET28a vector

Table. 4.1: List of primers used for amplification of LHE.
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4.3. Results

4.3.1. Gene level confirmation of SAP 1 in S. quadricauda

The MALDI- TOF analysis of stress associated proteins revealed that SAP 1 as
mitochondrial ORF 151 of Scenedesmus obliquus. Then the protein and nucleotide
sequence of ORF 151 was retrieved from NCBI. In order to understand the biological
function of ORF 151 the primers were designed (Mt151-F & Mt151-R) based on the
ORF 151 sequence of S. obliquus in S. quadricauda (Table. 4.1). The ORF 151 PCR
amplification was failed even with a different primer set, which is specific to the middle
region (Mt151-IP-F & Mt151-IP-R) (Table. 4.1, Fig. 4.1). Although S. obliquus and S.
guadricauda belongs to same genera, the PCR didn’t yield any product (Fig. 4.1a & b)
or nonspecific bands (Fig. 4.1c) even with different set of primers. Perhaps due to the
sequence variation between these microalgae the expected size of PCR product was not
obtained. Therefore in order to obtain the exact SAP1 gene whole mitochondrial

genome sequencing of S. quadricauda was performed.

M 1 M 1 2 M 1 2
bp

2000

1500
1000
700

700 700 bp

Fig. 4.1: SAP 1 amplification using designed primers of S. obliquus sequence; a
represents SAP 1 amplification using orf specific primer (500bp); b: SAP 1
amplification using upstream downstream primer (860bp); ¢: SAP 1 amplification using

upstream downstream primer with gel eluted product as template DNA (860bp).

4.3.2. Whole Mitochondrial Genome sequencing of S. quadricauda CASA CC202

Pure genomic DNA of mid- exponential phase of S. quadricauda was subjected
for IHlumina NextSeq500 Paired-end sequencing with 150*2. The complete
mitochondrial genome showed 30301 bp sequences. The mitochondrial genome

annotated for prediction of proteins, rRNA and tRNA (Table. 4.2 & Fig. 4.2).

67



CHAPTER 4 Molecular Changes — b) LAGLIDADG Endonuclease

The protein coding genes were predicted using GeneMarkS 4.283/
ORFfinder7. Predicted proteins were annotated by the homology search against
NCBI non redundant database using BLAST-2.5.04. The list of predicted proteins of
S. quadricauda mitochondrial genome was listed in Table. 4.3. Most of the proteins
are related with the electron transport chain as NAD, Cox, Cob and ATP. In addition
to that a hypothetical protein of unknown function was also predicted (Table. 4.3).

Summary Sample
Scaffolds Generated 1

Total Scaffolds Length 30301
Total Number of Non-ATGC Characters 0
Percentage of Non-ATGC Characters 0
Scaffolds>= 1 Kb 1
Scaffolds >= 10 Kb 1

N50 Value 30301

Table. 4.2: Mitochondrial Genome Assembly Statistics of S. quadricauda CASA
CC202.

S quadricauda CASA-CC202

mitechondrial genome
30,301 bp

B other genes
i = I transfer RNAs
4% Il ribosomal RNAs

Fig. 4.2: Circular map of mitochondrial genome of S.quadricauda CASA CC202.
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Sl. No. Predicted protein Name of gene Identity (%0) Similarity (%)
1 ORF1 Nad 5 39.3 45.1
2 ORF 17 Cox1 49.8 52.4
3 ORF 18 Nad 1 69.1 4.7
4 ORF 25 Nad3 84.6 92.3
5 ORF 26 Cox 2 67.3 77.3
6 ORF 29 Nad 4 4.9 6.7
7 ORF 33 Nad 6 72.1 775
8 ORF 34 Cob 33.3 34.8
9 ORF 36 Atp 9 91.8 91.8
10 ORF 42 Hypothetical protein - -
11 ORF 55 Cox 3 60.2 74
12 ORF 56 Nad 5 32.8 40.9
13 ORF 64 Nad 2 59.8 69.1
14 ORF 65 Nad 4L 87 91
15 ORF 66 ( ORF 148) - 27 31.8
16 ORF 67 Atp 6 63.6 69.8
17 ORF 71 Cob 49,5 53.8
18 ORF 75 Cox 1 14.8 16.1
19 ORF 79 Cox 1 25 26.4

Table.4.3: Predicted proteins of S.quadricauda mitochondrial genome. Protein-
coding genes were predicted by GeneMarkS 4.283/ ORFfinder7.

4.3.2.1. Conservation of S. quadricauda CASA CC202 mitochondrial genome

For constructing phylogenetic tree of S. quadricauda to compare the
evolutionary relationship with different micro algal mitochondrial genome, 40
mitochondrial genome sequences were collected from NCBI (Table. 4.4). Sequences
were aligned with MUItiple Sequence Comparison by Log Expectation (MUSCLE).
The phylogenetic tree shows that Scenedesmus quadricauda, Hariotina,
Scenedesmus obliquus and Tetradesmus obliquus mitochondrial sequences form a
strongly supported clade. Even though Scenedesmus obliquus and Tetradesmus
obliquus fall in the same clade, there is divergence of sequence. S. quadricauda
CASA CC202 sequence information is not known (Fig. 4.3).
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Sl. No. | Mitochondrial genome Accession no. | Class

1 Chlamydomonas moewusii NC001872 Chlorophyceae

2 Dunaliella salina NC012930 Chlorophyceae

3 Chlamydomonas reinhardtii X66484 Chlorophyceae

4 Volvox carteri f. nagariensis GU048821 Chlorophyceae

5 Hariotina sp. F30 KU145405 Chlorophyceae

6 Polytomella magna NC023091 Chlorophyceae

7 Scenedesmus obliquus AF204057 Chlorophyceae

9 Chlorotetraedron incus NC024757 Chlorophyceae

10 Neochloris aquatica NC024761 Chlorophyceae

11 Ourococcus multisporus NC024762 Chlorophyceae

12 Monoraphidium neglectum NW014013625 | Chlorophyceae

13 Chromochloris zofingiensis NC024758 Chlorophyceae

14 Pseudomuriella schumacherensis | NC024763 Chlorophyceae

15 Bracteacoccus aerius NC024755 Chlorophyceae

16 Bracteacoccus minor NC024756 Chlorophyceae

17 Mychonastes homosphaera NC024760 Chlorophyceae

18 Nannochloropsis oceanica IMET1 Eustigmatophyceae
19 Nannochloropsis oceanica CCMP531 Eustigmatophyceae
20 N. salina CCMP537 Eustigmatophyceae
21 N. gaditana CCMP527 Eustigmatophyceae
22 N. oculata CCMP525 Eustigmatophyceae
23 N. limnetica CCMP505 Eustigmatophyceae
24 N. granulata CCMP529 Eustigmatophyceae
25 Chlorogonium elongatum Y07814 Chlorophyceae

26 Sphaeropleales sp. KT259054 Chlorophyceae

27 Pediastrum duplex KR026340 Chlorophyceae

28 Chlamydomonas leiostraca NC026573 Chlorophyceae

29 Polytoma uvella NC026572 Chlorophyceae

30 Dunaliella viridis NC026571 Chlorophyceae

31 Lobosphaera incisa NC027060 Trebouxiophyceae
32 Gonium pectorale AP012493 Chlorophyceae

33 Chlorella sorokiniana KM241869 Trebouxiophyceae
34 Chlorella variabilis NC025413 Trebouxiophyceae
35 Phaeodactylum tricornutum HQ840789 Bacillariophytaince

rtaesedis

36 Coccomyxa sp. NC015316 Chlorophyceae

37 Tetradesmus obliquus NC002254 Chlorophyceae

38 Pleodorina starrii NC021108 Chlorophyceae

39 Polytomella parva NC016916 Chlorophyceae

40 Polytomella sp. NC013472 Chlorophyceae

Table.4.4: List of mitochondrial genome of different microalgae were collected from

NCBI and analyzed for phylogeny.
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Fig. 4.3: Evolutionary conservation of S.quadricauda mitochondrial genome. The
sequences were aligned with MUSCLE. The phylogenetic tree was constructed
using the maximum likelihood method.

4.3.3. Identification of SAP1 of S. quadricauda mitochondrial genome

The MALDI-TOF predicted SAP1 of S. obliquus shows a molecular function as
an endonuclease activity and a conserved motif of LAGLIDADG_2 super family. They
were having two LAGLIDADG motifs in its sequence (Fig. 4.4b). The basic
information of ORF 151 of S. obliquus from Uniprot KB is presented in Fig. 4.4a and
LAGLIDADG motif in Fig.4.4b. Using this information the conserved LAGLIDADG
domain containing proteins were searched from mitochondrial genome of S.
guadricauda. Based on these conserved domain search, ORF 42 revealed that it has a
LAGLIDADG motif which is comparable to that of SAP1 of S. obliquus (Fig. 4.5).
Here after ORF 42 was named as LAGLIDADG Homing Endonuclease (LHE). The
LAGLIDADG endonuclease sequence of different microalgae was retrieved from NCBI

and the sequence was aligned using CLUSTAL OMEGA. The sequence
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alignment showed the conserved LAGLIDADG motif and the sequence similarity

between other microalgae (Fig. 4.6)

a

b

MLPPFLFEV AIGNRLGDR SLYTTKTKGSKI
divA (e e KLEQGRVNKDYLYHLFELYKGWTNYEKPYRYI

rf 15

Molecular function : Endonuclease activity PKVTKGTYTRGVIKSYSFRTITHPAFDKIYNFFIC
Molecular size : 17896 Da NGKKTYKEGLITNHLTSVG LSYWVRDDG
Subcellular location : mitochondrion
Domain . LAGLIDADG 2 SLOQKITKLFREQWDLLKKKIFKLLKS
Function : Unknown

Fig.4.4: a; Characteristics of SAP1 (ORF 151) of S. obliquus from the available
protein database. b; ORF 151 having two LAGLIDADG motifs.

Conserved domains on [lcl|seqsigMKVSP_f37655c9e8d9e13c2ef9a9040dfc53bc] View  Conise Results ~ [
orf 42

similar to intron-encoded endonuclease al3 (domain architecture 1D 10463310)
protein similar to intron-encoded endonuclease al3

Graphical summary |[RES R R A show extra aptions »
1 25 50

E 100 125 150 173

Query seq.

Specific hits
Superfanilies LAGLIDADG_1 superfamily

4

Search for similar domain architectures | Refine search |

List of domain hits ol
Name Accession Description Interval  E-value
HLAGLIDADG_1  pfam00961  LAGLIDADG endonuclease; 17138 1.60e-12

LAGLIDADG endenuclease;

>|cl|ORF42_Mitochondria:19739:20275 hypothetical protein

MKVSPIDSSDFSTNAW LTGFSEADS NFSIRITVRNK KTGNI RvVQ TTYRLEI STKIN FKLNS
FDNNVYHTKEFLT KICNFFGRAFYIRERFN KDWGKSYTSCIVIR FNQRSV QK VYDYFHKY
PF KGSKYLNFMDWAKVVEMPKPLSESRKKQCVSIRENYNSTRTVFSWEHLDSLNNKN

Fig. 4.5: Motif search in ORF 42 of S.quadricauda by NCBI Conserved domain
search. LAGLIDADG motif in ORF 42.

72



CHAPTER 4 Molecular Changes — b) LAGLIDADG Endonuclease

S.guadricauda
Haematococcus

K9

a0

.cbliquus

aHOXImy Oy aoHOQXIEW

1w

.cbliguus
.reinhardcii

o

Fig.4.6: Functional conservation of catalytic residues in LAGLIDADG Homing
Endonuclease among microalgae. The conserved LAGLIDADG motif, lysine and
glycine amino acids (basic pocket) were also highlighted. The multiple sequence
alignment was done by CLUSTAL Omega.

4.3.4. Gene level confirmation of LAGLIDADG endonuclease in S. quadricauda

Based on the sequence of LAGLIDADG endonuclease designed three sets of
primers as ORF specific primer, real time primer and upstream downstream primer
were designed (Table. 4.1 & Fig. 4.7a). Then the genomic DNA of S. quadricauda
was used as template for the PCR reaction. When ORF specific primer was used the
expected size product of 530bp size was obtained (Fig. 4.7b). The real time primer
gives an expected size of 178bp product; upstream downstream primer gives about
833 bp and 1426 bp product (Fig. 4.8). Further the amplicons were sequenced and
aligned with the LHE of S. quadricauda and confirms 100 % similarity (Fig. 4.9).
After confirmation of LHE gene sequences of S. quadricauda were submitted to the
NCBI- Gen Bank with the accession number as MN648648.
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a b

ORF specific primer

-y I

LHE

M LHE c

>LHE FRUN13-20172011-08-25-03-16-1303-16-13(2).ab1

5’ACAGGTTTTAGTGAAGCGGATAGTAATTTTTCTATTAGAATTA
CAGTTCGTAATAAAAAAACTGGTAATATTCGAGTACAAACCAC
ATATCGATTGGAAATTTCTACAAAAATAAACTTCAAACTAAATA
GTTTTGATAATAATGTGTATCATACAAAAGAATTTCTTACTAAA
ATTTGTAATTTTTTTGGTAGAGCTTTTTATATTCGAGAACGTTTT
AATAAGGATTGGGGTAAATCTTACACTTCCTGTATTGTAATAAG
GTTTAATCAAAGATCTGTACAAAAAGTTTATGATTACTTTCACA
AATATCCATTTAAAGGCAGTAAATATTTGAATTTTATGGATTGG
GCAAAAGTGGTAGAAATGCCAAAGCCTTTGAGTGAAAGTAGG
AAAAAACAGTGCGTTTCTATTCGTGAAAACTATAATAGCACAC

_5':-:3'_ GTACTGTTTTTAGTTGGGAGCATCTGGATAGTCTGAZ

LHE

Upstream Downstream primer

Real time primer

Fig.4.7: Gene level confirmation of LHE in S. quadricauda. a: represents primers used
for LHE amplification; b: LHE amplification using ORF specific primer; c:
Sequencing result of LHE.

M 1 2 3 K 5

1500 bp

800 bp

200bp

Fig.4.8: LHE amplification in S. quadricauda with upstream downstream and real
time primers. Lane 1-3: Real time primer, Lane 4 and 5: upstream downstream primer.
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>SUDI-UDIPFRUN13-20182011-09-22-00-37-4800-37-48.ab1

5S’AATACTTATGTTGTTCTTAAATTTCAATCCATTAGTAGTGTATATTTGGTTTGTCGTATAATTAATGGTTATTAGCGTAC
ACCAAAGCATAAAAAGTTTGAAAGTTTGGTACAGTTTGGAAATAAAAATCTATGTTATCGTATGAAGGTGTCTCCGATC
GACTCTAGTGATTTTAGCACAAATGCTTGGCTAACAGGTTTTAGTGAAGCGGATAGTAATTTTTCTATTAGAATTACAGT
TCGTAATAAAAAAACTGGTAATATTCGAGTACAAACCACATATCGATTGGAAATTTCTACAAAAATAAACTTCAAACTA
AATAGTTTTGATAATAATGTGTATCATACAAAARAATTTCTTACTAAAATTTGTAATTTTTTTGGTAGAGCTTTTTATATT
CGAGAACGTTTTAATAAGGATTGGGGTAAATCTTACACTTCCKGWATTGTAATAAGGTTTAATCAAAGATCTGTACAAA
AAGTTTATGATTACTTTCACAAATATCCATTTAAAGGCAGTAAATATTTGAATTTTATGGATTGGGCAAAAGTGGTAGAA
ATGCCAAAGCCTTTGAGTGAAAGTAGGAAAAAACAGTGCGTTTCTATTCGTGAAAACTATAATAGCACACGTACKGTTT
TTAGTTGGGAGCATCTGGATAGTCTGAATAACAAGAATTAACATCAAAGCTTCGTTACAAGCGTATAATTGAAAATTAG
TTTAATTTACTATTATTTAGTAATAGTAAAATAAAGCTAGTT 3°

>SUD2-UD2PFRUN13-20182011-09-22-00-37-4800-37-48.ab1

5" ACCTTATTACTATAAAACAGTTCGTAAAGCTGGAAAAGCGGTAACTAAAAAGCAAAAAAATTATCCAATAATCAAAA
TTTGTTTTCCAAAAGAAGACTTTCCTTTGGCAGCAAAGCTACAATCTATTTTTGGTGGAGTTTTCGAGCATAGTAAAAAA
AATACTTATGTTGTTCTTAAATTTCAATCCATTAGTAGTGTATATTTGGTTTGTCGTATAATTAAKGGTTATTAGCGTACA
CCAAAGCATAAAAAGTTTGAAAGTTTGGTACAGTTTGGAAATAAAAATCTATGTTATCGTATGAAGGTGTCTCCGATCG
ACTCTAGTGATTTTAGCACAAATGCTTGGCTAACAGGTTTTAGTGAAGCGGATAGTAATTTTTCTATTAGAATTACAGTT
CGTAATAAAAAAACTGGTAATATTCGAGTACAAACCACATATCGATTGGAAATTTCTACAAAAATAAACTTCAAACTAA
ATAGTTTTGATAATAAKGTGTATCATACAAAAGAATTTCTTACTAAAATTTGTAATTTTTTTGGTAGAGCTTTTTATATTC
GAGAACGTTTTAATAAGGATTGGGGTAAATCTTACACTTCCKGTATTGTAATAAGGTTTAATCAAAGATCTGTACAAAA
AGTTTATGATTACTTTCACAAATATCCATTTAAAGGCAGTAAATATTTGAATTTTATGGATTGGGCAAAAGTGGTAGAAA
TGCCAAAGCCTTTGAGTGAAAGTAGGAAAAAACAGTGCGTTTCTATTCGTGAAAACTATAATAGCACACGTACTGTTTTT
AGTTGGGAGCATCTGGATAGTCTGAATAACAAGAATTAACATCAAAGCTTCGTTACAAGCGTATAATTGAAAATTAGTTT
AATTTACTA 3’

Fig. 4.9: Sequencing results of LHE using upstream downstream primers.

4.3.5. Quantification of LHE expression in S. quadricauda under nitrogen

starvation

For quantifying the LHE gene expression RNA samples were extracted at 3,
6, 8, 24, 48 and 72 hours from nitrogen starved (N°) and control (N+) S.
quadricauda as described in materials and methods (3.2.8). The DNase treated RNA

was used for the synthesis of cDNA. The time course AACt curve analysis of
revealed that LHE was 4.2 fold elevated during 48 hours of nitrogen stress induced
samples than control samples (Fig.4.10). The LHE gene expression was normalized
using mitochondrial COX 1 as an internal control.

4.5
LHE
3.5

" AACH
I

w
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3 6 8 24 48 72
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Fig.4.10: Quantification of LHE gene expression by RT-PCR using control (N*)

and nitrogen starved (N) cDNA of S. quadricauda.
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4.3.6. In silico analysis of LALLIDADG endonuclease of S. quadricauda
4.3.6.1. Homology modelling of LAGLIDADG Endonuclease (LHE)

The tertiary structure of LHE was predicted by Swiss model and Phyre.2.0
software. LHE of S. quadricauda three dimensional structure implies it is a
homodimer and showed a core a-Bf-o-Bp-a domain fold in a single peptide chain
(Fig. 4.11a). Since the whole genome sequence of S. quadricauda was not available
and thus LHE gene sequence as well. Therefore the homology modelling of LHE
was build using the crystal structure solved Chlamydomonas reinhardtii I-Crel
(PDB ID 207M) as template. Further the predicted homology structure was
validated using Ramachandran plot using the RAMPAGE software as described in
materials and methods (4.2.4). According to the plot number of residues in the
favoured region was 86.5% amino acids and number of residues in allowed region
was 9.7%. Also the number of residues in outlier region was about 3.9%. The
predicted homology model was valid because more number of amino acids lies in

the favoured region (Fig. 4.11Db).

Fig. 4.11: Protein modeling and validation of LHE by Swiss model and
Ramachandran plot (RAM PAGE), a: represents LHE modeled structure in S.
quadricauda; and b: represents Ramachandran plot.
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4.3.6.2. Structural alignment and molecular weight determination of LHE

The tertiary structure of LHE was aligned with Cre-1 (template) and the green
ribbon represents Cre-l and cyan as LHE of S. quadricauda. The active site, aspartic
acid (D) was highlighted in red and yellow spheres (Fig. 4.6 & 4.12). The conserved
motif of LHE in S. quadricauda was identified as LTGFSEADS and the basic pocket as

K (lysine) at eoth position (Table. 4.5). The conserved motif, LAGLIDADG of different

microalgae presented in Table. 4.5. The LHE of S.quadricauda was also created as a
homodimer. As the LHE is an endonuclease it binds to the DNA, therefore DNA
binding sites were predicted by Protein Predict software using 1-Crel as reference. The
DNA binding amino acid position was labelled as red sticks (Fig. 4.13). Molecular
weight and amino acid composition of LHE was calculated by Protein Information
Resource (PIR). The molecular weight of LHE of S. quadricauda was calculated as 21.2
KDa and the number of residues was 178 (Fig. 4.14).

S2afm-1/"A72 =] 11 16 21 26 31 36 41 46 51 fal=] =8 [512] 71l 76 a1 86 91 96 101 106

u R T K
AmodelA/RA1L 16 21 26 31 36 41 46 51 56 61 bh 71 7h a1 86 = 94 101 106 111 116
LTEFEEADS I

Fig.4.12: Homology modeling of LHE and template Cre-l. Secondary structure
alignment of LAGLIDADG endonuclease and Cre-1 by Pymol software. The red and
yellow sphere represents the LAGLIDADG motif. Green and cyan colour represents

Cre I and LAGLIDADG endonuclease respectively.
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Enzyme LAGLIDADNG Metal binding Basic Pocket
I-Crel LAGFVDGDG D20 Q47 K98 R51
I-Msol IAGFLDGDG D21 Q49 K104 K54
I-Dmol LIGLIIGDG D21 Q42 K120 K43

IKGLYVAEG E117 N129 - K130
I-Anil LVGLEFGDG D15 L36 K94 D40
LVGFIEAEG E148 Q171 K227 G174
I-Sce | GIGLILGDA D44 E61 K122 -
LAYWFMDDG D145 N192 K223 -
PI-Sce | LIGLWIGDG D218 D229 K301 R231
LAGLIDSDG D326 T341 K403 H343
PI-Pful LAGFIAGDG D149 D173 L220 -
IAGLFDAEG E250 M263 K322 -
1-Squl LTGFSEADS D24 S51 K69

Table.4.5: LAGLIDADG motif in different LHES and structural features. 1-Squl

represents LAGLIDADG Endonuclease of S. quadricauda.

Fig. 4.13: DNA binding residues of LHE in S. quadricauda was predicted by Protein
Predict software. The red colour indicates the DNA binding amino acids.
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COMPOSITION:

frequenc
4 (ev'b)‘,. 84 i 86 -4

7 7
45 45 82 45 - L

51
22 17 28 47 17 2 2 2

code A B CDEFGHTIIKLMNPQRSTVWYZ
count 4 3 8 8 15 5 3 1 18 8 3 147 4 4 2 19 12 11 4 9

Number of residues = 178 Molecular weight = 21206.95

CALCULATION NOTES:

1. Molecular weight = sum of individual residues weights - water molecular weight * ( number of residues - 1 )

where, water molecular weight = 18.015;

2. For each residue, the table gives the molecular weight:

A 2la 89.09 G Gly 75.07 N Asn 132.12 vV Val 117.15
B Asx 132.61 H His 155.18 P Pro 115.13 W Trp 204.23
C Cys 121.15 I Ile 131.17 Q@ Gln 146.15 Y Tyr 181.19
D Asp 133.10 K Lys 146.19 R Arg 174.20 Z Glx 146.64
E Glu 147.13 L Leu 131.17 S Ser 105.09

F Phe 165.19 M  Mer 149.21 T :Thr: -118.12 X else 128.16

Fig.4.14: Molecular weight and amino acid composition of LHE. Molecular weight
determination of LHE was carried out by PIR.
4.3.7. Cloning and over expression of LAGLIDADG endonuclease of S.
quadricauda

The LAGLIDADG endonuclease of S. quadricauda gene specific primer (LAL-
C-F & LAL-C-R) got amplified with an amplicon size of about 530 bp (Table. 4.1).
Restriction digestion, ligation and transformation were performed as described in
materials and methods (4.2.7). The colony PCR was performed using primer specific to
T7 promoter of pET-28a revealed that the four positive clones are having the expected
LHE gene (Fig. 4.15). The control (plasmid DNA without LHE) also showed a product
size of about 315 bp using the T7 promoter primer. Subsequently plasmid DNA was
isolated from the positive clones in order to check gene orientation using different
combination of primers. The primers such as LHE gene primer, gene forward- T7
reverse and T7 forward- gene reverse were used to amplify the clone plasmid DNA. The
PCR products were obtained as 530 bp, 640 bp and 740 bp respectively (Fig. 4.16)

confirm the right orientation of LHE gene in pET-28a vector.
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Further sequencing results of the positive clone plasmid DNA was aligned with the
LHE gene sequence using CLUSTAL W2 (Fig. 4.17). The sequence alignment
shows 100 % similarity to the LHE ie., gene of interest (Fig. 4.18). Also the plasmid
DNA with LHE gene was double digested and the insert release was observed in the
agarose gel (Fig. 15c). The over expression of LHE gene was induced by IPTG and
it should get a protein size of about 21 KDa with the His-Tag. But the over
expression was not consistent to purify the protein to show its activity (Fig. 4.19).
The repeated attempts towards expression of LHE gene in E. coli were unsuccessful.
Perhaps the possible reason could be LHE belongs to eukaryotic origin may not be

over expressed in E. coli due to different codon usage.

20Kb
5Kb

500bp

Fig. 4.15: Clone plasmid DNA isolation and amplification of LHE using T7 primer a
: plasmid DNA of clones (s1-4 indicates 4 clones) b: Amplification of LHE using T7
primer from clone DNA, here lanel: Amplification of T7 promoter of pET 28a, lane
2: Amplification of T7 promoter with the insert of Slplasmid DNA, lane 3:
Amplification of T7 promoter with the insert of S2plasmid DNA, lane 4:
Amplification of T7 promoter with the insert of S3 plasmid DNA and lane 5:
Amplification of T7 promoter with the insert of S4plasmid DNA .c: LHE release
from clone plasmid DNA, here lane 1: Plasmid DNA of pET-28-a, lane 2: Plasmid
DNA of transformed colonyl (S1), lane 3: Restriction digested S1 plasmid DNA
and insert release and lane 4: LHE amplification from S1 plasmid DNA.
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700
500

Fig.4.16: Amplification of LHE from transformed colonies. Here lane 1-3: LHE
amplification from colony 1 using gene specific primer(1), Gene primer forward and
T7 reverse (2) and T7 forward and gene primer reverse (3), lane 4-6: LHE
amplification from colony 2 using gene specific primer(1), Gene primer forward and
T7 reverse (2) and T7 forward and gene primer reverse (3) and lane 7-9: LHE
amplification from colony 3 using gene specific primer(1), Gene primer forward and

T7 reverse (2) and T7 forward and gene primer reverse (3).

>S1 T7.Forward_17357-1_P2487, Trimmed Sequence (962 bp)

SATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGT
GCCGCGCGGCAGCCATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCATGAAGGTGTCTCCGA
TCGACTCTAGTGATTTTAGCACAAATGCTTGGCTAACAGGTTTTAGTGAAGCGGATAGTAATTTTTCTATTAGAATTA
CAGTTCGTAATAAAAAAACTGGTAATATTCGAGTACAAACCACATATCGATTGGAAATTTCTACAAAAATAAACTTCA
AACTAAATAGTTTTGATAATAATGTGTATCATACAAAAGAATTTCTTACTAAAATTTGTAATTTTTTTGGTAGAGCTTTT
TATATTCGAGAACGTTTTAATAAGGATTGGGGTAAATCTTACACTTCCTGTATTGTAATAAGGTTTAATCAAAGATCT
GTACAAAAAGTTTATGATTACTTTCACAAATATCCATTTAAAGGCAGTAAATATTTGAATTTTATGGATTGGGCAAAA
GTGGTAGAAATGCCAAAGCCTTTGAGTGAAAGTAGGAAAAAACAGTGCGTTTCTATTCGTGAAAACTATAATAGCAC
ACGTACTGTTTTTAGTTGGGAGCATCTGGATAGTCTGAATAACAAGAATTAAAAGCTTGCGGCCGCACTCGAGCAC
CACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGA
GCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCC
GGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGAC
CGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTT3’

Fig.4.17: Sequencing result of positive clone with LHE gene.
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S1_T7. Forward S1 ATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGC 1ece
2e27s 2 mm e - - - _ATGAAGGTGTCTCCGAT a7
11 111
S1_T7.Forward 181 ATGACTGGETGGACAGCAAATGGGTCGCGGATCCATGAAGGTGTCTCCGAT ise
2e27s 18 CGACTCTAGTGATTTTAGCACAAATGCTTGGCTAACAGGTTTTAGTGAAG &7
I Il I 11 Il
S1_T7 . Forward AT TT TAGCACAAATGCTTGGCTAACAGGTTTTAGTGAAG zee
2e27s 68 CGGATAGTAATTTTTCTATTAGAATTACAGTTCGTA AACTGGT 217
(RO 111 (8 I (48 111
S1_T7._Forward 201 CGGATAGTAATTTTITCTATTAGAATTACAGTTCGTAATA AACTGGT 2se
2e27s 118 AATATTCGAGTACAA ACATATCGATTGGAAATTTCTAC 2167
i i 11 Il I
S1_T7 . Forward 251 AATATTCGAGTACAAACCACATATCGATTGGA zee
2e27s 168 CTTCAAACTAAATAGTTTTGATAATAATGTGTATCATACAAAAGAATTTC 217
(NN LT 111 Il 111 L1 1L
S1_T7.Forward 301 CTTCAAACTARATAGTTTTGATAATAATGTGTATCATACASAAGAATTTC sse
2e27s 218 TTA AATTTGTRAATTTTTTIGSTAGAGCTTTTTATATTCG oo 267
1111 il 111 111 11 11 111
S1_T7. Forward 351 TTACTAAAATTTGTAATTTITTTTGGTAGAGCTTTTTATATTCGAGAACGT 2ce
2e27s 268 TTTAATAAGGATTGGGGTAAATCTTACACTTCCTGTATTGTAATAAGGTT 317
1111 1L 111 111 111 111 1111
S1_T7_Forward 421 TTTAATAAGGATTGGGST ATCTTACACTTCCTGTATTIGTAATALAGGTT 458
2e27s 318 TAATCAAAGATCTGT ACAR R A AGT T TATGATTACT T TCACALATATCCAT 367
1111 il I 11 Il 11 1l
S1_T7.Forward 4531 TAATCAAAGATCTGTACAAAAAGTTTATGATTACTT TCACAAATATCCAT see
2e27s 368 TTAAAGGCAGTARATATTTGAATTTTATGGAT TGGGCAAAAGTGETAGAA 217
1111 111 111 111 111 (B8] [BER)
S1_T7_.Forward 581 TTAAAGGCAGCTAAATAT T TGAAT T TTATGGAT TGGGCALAAGTGGTAGAS ss5e
2e27s 418 ATGCCAA TTTGAGTGAAAGTAGGAAAARACAGTGCGTTTCTATTCG 257
11l 111 I 11 111 i
S1_T7. Forward 551 ATGCCAA TGAGTGAAAGTAGGAAAAAACAGTGCGTTTCTATTCG see
2e27s 468 TGAAAACTATAATAGCACACGTACTGTTTTTAGT TGGGAGCATCTGGATA sa7
N8N 111 111 111 111 111 111l
S1_T7.Forward 601 TGAAAACTATAATAGCACACGTACTGTTT TTAGTTGGGAGCATCTGGATA &5e
2e27s 518 GTCTGAATAACAAGAATTAS-———— = - === — === - mm e mmmm e oo s37
1111 1l 1
S1_T7. Forward 651 GTCTGAATAACAAGAATTAAAAGCT TGCGGCCGCACTCGAGCACCACCAC 7ee

Fig.4.18: Sequence alignment of positive clone and LHE gene by CLUSTAL W2
pair wise alignment method.
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Fig. 4.19: Over expression of LHE. Here lane 1: control (uninduced), lane 2-6: 1,
1.5,2,2.5and 3 mM IPTG added 3hr induction.

4.4. Discussion

Mitochondria are the major players in the integration of Carbon and Nitrogen
metabolism in plants (Pellny et al., 2008). Also mitochondria are involved in the

process of programmed cell death and have a crucial role in plant defences during
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stress conditions. However, mitochondria are a major source of cellular ROS, a
property that is amplified by stress- induced inhibition and over-reduction of
respiratory chain. In addition to that increased ROS governed enhanced expression
of antioxidant enzymes led to increased tolerance towards biotic and abiotic stress
(Van Aken et al., 2009). Thus accumulating evidences suggests that mitochondria
may regulate the cellular stress response during abiotic stress condition (Arn-holdt-
Schmitt et al., 2006; Clifton et al., 2006 and Van Aken et al., 2009).

Mitochondria are the organelles that possess their own genome and are
involved in several functions. They are compartmentalized eukaryotic organelles and
they evolved from an endosymbiotic a- proteobacterium (Lang and Burger, 2012).
Mitochondrial genomes of microalgae are not extensively sequenced and studied.
Currently a dozen mitochondrial genomes were deposited in the public domain and
recently deposited genomes include Chlorella heliozoae, Micractinium conductrix
and Botryococcus braunii (Blifernez- Klassen, et al., 2016). First time we are
reporting the characteristics of mitochondrial genome sequence of S. quadricauda
CASA CC202. One of the unique characteristic of mitochondrial genome of
microalgae is that they are having coding regions of genes interrupted by introns.
There are four types of introns based on their splicing mechanism as spliceosome,
nuclear and archeal tRNA, group | and group Il introns. Nedelcu et al., 2000 has
sequenced mitochondrial genome of Scenedesmus obliquus and they have described
peculiarities of Scenedesmus mitochondrial DNA. The genome size is of 42,919 bp
and encodes 42 conserved genes, four additional open reading frames and an intronic
reading frame with endonuclease/ maturase similarity. Also they revealed that there
are no 5SrRNA or ribosomal protein coding genes in Scenedesmus mitochondrial
DNA. In addition to that an important finding as a deviant genetic code was observed
as UAG (stop codon) here it codes for leucine, along with that Scenedesmus
mitochondrial DNA encodes another codon UCA (normally for serine) as a stop
codon. Similarly in our study the S. quadricauda genome showed a size of about
30301 bp and other characteristics analogous to S. obliquus. Sevcikova et al., 2016
have sequenced three mitochondrial genome sequences of Eustigmatophyte lineages
such as Monodopsis sp., Vischeria sp. and Trachydiscus minutes, and compared with
the Nannochloropsis. They found that they are highly collinear and similar in the

coding gene content with extensive rearrangements in some of the lineages.
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As discussed above mitochondria are crucial organelles with many
characteristics. The stress associated mitochondrial protein identification was carried out
by different research groups. The proteome analysis of microalgae was started by full
characterization of of algal mitochondria (Van Lis et al., 2003). Higher carotenoid
production was found in Dunaliella strain AL-1 under optimized condition they observed
up regulation of the heat shock proteins, o and § subunit of mitochondrial ATP synthase
(Ben Amor et al., 2017). Garibay-Hernandez et al., 2017 proposed that alternate electron
pathways may be activated in nitrogen deprived Ettlia oleoabundans in order to satisfy
varying energy demand as ATP/NADPH under abiotic stress conditions. Along with
these additional mechanisms may be modulated in redox potential and ATP
concentration of E. oleoabundans during nitrogen starvation (Cardol et al., 2003;
Johnson and Alric, 2013; Erickson et al., 2015). Hernandez et al., 2017 suggests that they
are able to identify proteins necessary for regulating ATP concentration within the
chloroplast and mitochondria (adenylate kinase isoforms, mitochondrial and chloroplastic
ADP/ATP carrier proteins and mitochondrial phosphate carrier protein. As described
about the mitochondrial stress associated proteins, our present study also revealed a
LAGLIDADG Homing Endonuclease associated with the nitrogen stress mediated lipid

accumulation.

One of the nitrogen stress associated protein here described as LAGLIDADG
Homing Endonuclease (LHE). Primarily Homing Endonucleases (HEs) are also known
as meganucleases, are highly specific DNA cleaving enzymes that invade specific
insertion sites by double- strand breaks on the target gene and insert the sequence by
homologous recombination. They found in all forms of microbial life as well as in the
eukaryotic mitochondria and chloroplasts, with genetic mobility and persistence
(Stoddard 2014; Alvarez et al., 2012). LHE are the large protein families among the HEs
and they comprise more than 200 members. They are termed as LAGLIDADG, DOD,
dodeca peptide, dodecamer and decapeptide (Belfort and Roberts, 1997; Lambowitz and
Belfort, 1993; Dalgaard et al., 1997; Stoddard, 2014; Belfort et al., 2002; Hausner et al.,
2014). They are having either one or two copies of the LAGLIDADG motif, and they act
as homo dimers such as I-Cre | (Thompson et al., 1992) and I-Ceu | (Marshall and
Lemieux, 1992). The other groups which possess two copies of this motif separated by
80-150 residues, such as I-Dmo | (Dalgaard et al., 1993) and PI- Sce | (Gimble and

Thorner, 1992) they act as heterodimers. Alvarez et
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al., 2012 have identified a LHE in the chloroplast LSUrDNA of Coccomyxa algae.
Also Lucas et al., 2001 have identified 28 new group | intron encoded proteins
carrying a single LAGLIDADG motif from sequence analysis of chloroplast and

mitochondria of about 75 green algae.

First time we are reporting the expression of LHE during nitrogen stress
mediated lipid accumulation in S. quadricauda. Other reported role of LHE mainly relies
in the following areas. OTP 51, pentatricopeptide with two LAGLIDADG motifs is
required for the cis-splicing of plastid ycf3 intron 2 in Arabidopsis thaliana (De
Longevialle et al., 2008). Lucas et al., 2001, have reported that some group | introns with
LAGLIDADG motif encodes for maturases mainly in green algae, prokaryotes and
Archaea. The De Longevialle et al., 2008 also evidenced that LHEs often have a dual
function as DNA endonuclease and as a RNA splicing factor. In wheat (Triticum
aestivum L.) the intron encoded LHE gene have been reported as a non-protein coding
genes have critical role in the regulation of gene expression in abiotic stress. Also the
intron- encoded DNA endonucleases al5 alpha and al4 in Saccharomyces cereviciae are
involved in intron homing. It introduces a double strand break in the DNA of COX1 gene

and thus mediates the insertion of introns into an intronless gene

4.5. Conclusion

Although S. obliquus and S. quadricauda belongs to the same clade there is a
divergence in its sequence, thus mitochondrial genome sequencing of S. quadricauda
CASA CC202 was performed. Out of 19 predicted proteins of S. quadricauda
mitogenome, ORF 42 is having conserved motif as LAGLIDADG and it was identified
as LAGLIDADG Endonuclease (LHE). During nitrogen starvation the LHE gene was
found to be expressed about 4.2 fold than control. This class of LHE requires two
LAGLIDADG motifs to exhibit its endonuclease function. The primary structure and the
predicted tertiary structure of LHE reveal the conserved single LAGLIDADG motif.
Therefore the LHE of S. quadricauda act as a homodimer. LHE being a homing
endonuclease its biological relevance and its canonical homing site studies will lead to

further mechanistic role of LHE during nitrogen stress mediated lipid accumulation.
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CHAPTER 5 Role of Abscisic acid

5.1. Introduction

When microalgae cultivated in environmental harsh condition it tends to
accumulate neutral lipids. These unfavourable environmental conditions are nutrient
starvation, pH, illumination, salinity, temperature etc. Among them, nutrient starvation-
mediated lipid accumulation is the most feasible strategy in large scale. In S.
guadricauda 2.27 fold increases in lipid yield with a drastic reduction in biomass were
examined under nitrogen starvation (Anand and Arumugam et al., 2015). The sustained
biomass with the increased lipid accumulation was the required feature when
microalgae are to be cultivated in large scale. Nitrogen being an essential macro
element, its level directly influences the cell and thus it becomes an integral part of the
growth medium (Li et al., 2008; Arumugam et al., 2013). Nitrogen deprivation affects
growth, development and metabolism of algae (Hockin, et al., 2012) and it is one of the
extensively studied nutritional stresses. However, limiting this essential nutrient in the
growth media, lead to enhanced TAG accumulation (Jiang, 2014: Anand and
Arumugam, 2015). Even though the stress increases lipid but it drastically reduces the
biomass yield (Anand and Arumugam, 2015). This limitation can be overcome by the
supplementation of growth promoting agents to the stressed microalgae. The
physiological relevance of stress hormone supplementation and its effects on growth

and lipid metabolism are discussed in detail.

The phytohormones are essential for the growth and development of plants
and they are active at very low concentration. Generally one of the phytohormone,
Abscisic acid (ABA) regarded as a stress responsive hormone, which is present in
all forms of life except Archaea. It is a sesquiterpenoid plant hormone involved in
biotic and abiotic stresses in plants (Cutler et al., 2010). The ABA signalling, stress
response and catabolism were well studied in higher plants particularly in
Arabidopsis thaliana (Nagamune, et al., 2008; Hartung, 2010). Even though it is
well understood in plants, the presence and physiological role of ABA in microalgae
are poorly understood (Lu et al., 2014). However ABA will induce the protective
measures against various environmental stresses such as desiccation, low
temperature and osmotic shock (Yoshida, et al., 2003). But the real functions of

ABA in microalgae is not fully established (Ludwig-Muller, 2011).
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During abiotic stress, the endogenous level of ABA increases in plants and
microalgae to cope-up with the stress. Hirsch, et al., 1989 reported the elevated
levels of ABA in Dunaliella under salt stress. Also, an enhanced level of ABA was
found in Dunaliella sp. and Chlorella vulgaris during nitrogen stress (Tominaga et
al., 1993) and heat stress (Bajguz, 2009) respectively. Evidence suggests the
stimulation of ABA during osmotic stress in Physcomitrella patens helps them to
tolerate the stress (Minami et al., 2005). The concentration of ABA present in algal
cells vary between 7 and 34 nmol per Kg of fresh water biomass, this range is
similar in liverwort as well (Hartung and Gimmler, 1994). But only limited data is
available on the physiological effects of ABA during stress in microalga

External supplementation of ABA has revealed growth promotion and tolerance
to the heavy metal induced stress in Chlorella vulgaris (Bajguz, 2011). In addition to
photosynthetic microalgae, cyanobacteria Nostoc and Anacystis promoted their growth
by supplemented ABA (Ahmad et al. 1978). ABA inhibits growth in Coscinodiscus
were also reported by Kentzer and Mazur, 1991. In present study, for the first time, the
elevated levels of ABA under nitrogen deficiency in Scenedesmus quadricauda and its
role in sustaining the biomass and lipid yield were described. The interaction between
ABA, nitrogen stress mediated lipid accumulation and its effect on FAME profile are
discussed in the present chapter. Thus the role of ABA in sustaining biomass of nitrogen

stress induced S. quadricauda was elucidated.

5.2. Materials and methods

5.2.1. Endogenous level of abscisic acid

Endogenous ABA level was quantified by phytodetect ELISA Kit as per
manufactures instruction (Agdia). In brief, S. quadricauda pellets were collected at
0, 24, 48 and 72 hours from nitrogen-starved conditions and algal pellets were
homogenized using a mortar and pestle under liquid nitrogen. The intracellular ABA
was extracted after 24h at 4° C in the dark with a solution of 80 % methanol in 20
mM bicarbonate buffer (pH 8.0). Then the extract was then centrifuged at 5000 g for
15 min at 4 °C. The supernatant was vacuum dried at 30 °C and stored at -20 °C
until use for ABA assay. An identical procedure was followed for quantification of

ABA level in nitrogen rich condition as well.
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5.2.2. External supplementation of ABA and effects on lipid metabolism of S.
quadricauda

ABA were supplemented in various (I pM- 5 uM) concentrations to the
nitrogen deprived S. quadricauda (0-72 h). The cell growth, lipid, pigment and

biomass were studied under this condition with respect to the control.

5.2.2.1. Cell growth and Biomass yield

The samples were periodically drawn after the treatment with ABA and the
growth was determined spectrophotometrically at 530 nm. The cell number was
enumerated by light microscopy (Leica) under a haemocytometer. The cell number
was expressed in terms of 10°% cells/ml. Dry biomass yield was calculated by

gravimetrical analysis using cellulose nitrate filter membrane (Anand and
Arumugam, 2015).

5.2.2.2. Total photosynthetic Pigment Analysis

Total photosynthetic pigments were quantified by Lichtenhaler method. Algal
culture of 5 ml were taken and centrifuged at 8000 rpm for 10 minutes after the
centrifugation pellets were collected. 5 ml of 100 % acetone was added and kept
overnight in dark at room temperature. Then the sample was centrifuged at 8000 rpm
for 10 minutes. The supernatant was collected and then optical density was measured at
644, 661 and 470 nm for chlorophyll a, chlorophyll b, and carotenoids respectively. The
levels of pigments were quantified by using the following formula:

Chlorophyll a (mg L-1) = 11.24 x A 661.6 - 2.404 x A 644.8
Chlorophyll b (mg L-1) = 20.13 x A 644.8 - 4.19 x A 661.6
Total Chlorophyll (a + b) (mg L-1) = 7.05 x A 661.6 + 18.09 x A 644.8
Total carotenoids (mg L-1) = 1000 x A 470 — 1.9 x Chla - 63.14 x Chlb/214

5.2.2.3. Total lipid analysis

The total lipid yield was quantified by Sulpho phosphor vanillin method. To
estimate the total lipid yield 5 ml of algal culture was taken from the sample and the
cells were centrifuged (8000 rpm) for 10 minutes. The pellet was suspended in 6 ml of
Chloroform: Methanol (2:1). After 5 hours, 2 ml of 0.9 % saline was added, mixed
vigorously and incubated for 12 h. The addition of saline creates a biphasic layer. The

lower layer contained the lipid molecule. After the incubation, 0.5 ml of lower lipid
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layer was taken and transferred to the fresh micro centrifuge tube and allowed for
evaporation. After the evaporation, 0.5 ml of concentrated sulphuric acid was added
into the sample and kept in a boiling water bath for 10 minutes. After cooling the
tubes to room temperature, 0.2 ml of the sample was transferred into the fresh test
tubes. 5 ml of vanillin reagent was added, mixed well and incubated for 20 minutes
at room temperature. The pink colour developed was read at 520 nm.

5.2.2.4. TLC analysis of lipid

The extracted total lipid sample was spotted on to a TLC plate (10x 5 cm,
Merck). The dried sample on TLC plate was then carefully dipped and allowed to
stand in the TLC jar to solvent adsorption. The solvent system Hexane:
Diethylether: Acetic acid (80:20:1) were prepared before sample spotting and
allowed for saturation inside the TLC jar. The TLC plate was removed when the
solvent system reached top of the TLC plate allowed to dry for 10 min at room

temperature and visualized using iodine vapour.

5.2.2.5. FAME analysis by GC

The 400 ml culture of nitrogen deprived and ABA supplemented S.
quadricauda cells were harvested by centrifugation at 10000 rpm for 15 minutes.
Then the pellets were lyophilized and stored in -20 °C. Lipid was extracted from the
pellet using chloroform: methanol (2:1) with the aid of sonication for 10 minutes.
Then the crude solution was filtered through a Whatmann no.1 filter paper and the
solvent from the sample was evaporated using rotary evaporator. The total lipid was
then transesterified by 2 % methanolic H2SO4 at 95 °C for 6 hours in a water bath.
The methyl esters of fatty acid were then purified by TLC and the samples were
analysed by gas chromatography (Anand and Arumugam, 2015).

5.2.2.6. Nile red staining of lipid droplets

Nitrogen deprived and ABA supplemented algal cells of about 1 ml sample
were withdrawn aseptically. Then the biomass was collected by centrifugation at
10000 rpm for 10 minutes. Further the steps were followed as described in the

materials and methods of chapter 2 (2.2.2.5).
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5.3. Results

5.3.1. Endogenous level of ABA in nitrogen depleted S. quadricauda

During nitrogen stress, in S. quadricauda Abscisic acid is immediately rising
up during the onset of stress in order to cope-up with the stress and the level is
falling down when the stress is sustained. The level of ABA shoots up within 24
hours and suddenly falls down after 24 hours. The ABA was quantified as described
in materials and methods as 27.21 pmol/L in 24 hours and it was drastically reduced
to 4 pmol/L during 48 hours (Fig. 5.2). The ABA level in nitrogen rich S.
quadricauda is 6.77 pmol/L in 24 hours and it attains a constant level during the
stress period. Thus intracellular ABA level was 4 fold increased during nitrogen
deprived S. quadricauda during the onset of nitrogen starvation (24 hours). The

concentration of ABA was calculated based on the standard curve (Fig. 5.1).

y = -0.836x + 1.028
R =0.970

Logit (8/80)

LN(pmoles/ml)

Logit= Ln[%Binding/(100-(% Binding))

Fig. 5.1: Standard curve of Abscisic acid by quantitative competitive ELISA method.
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Fig.5.2: Endogenous levels of Abscisic acid in control (N*) and nitrogen starved
(N") conditions of S. quadricauda by phytodetect competitive ELISA method
(Agdia). Control (N™) samples drawn in corresponding days i.e., 12t 15t day. N
samples were drawn in 0-72 hour intervals.
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5.3.2. External supplementation of ABA and its effects on growth
Phytohormones are signalling molecules that exhibit their effect at very low
concentrations and have direct effects on growth of the organism. The ABA
supplementation in nitrogen stressed cells had the effect of sustaining the growth up
to 72 hours. The experiment shows that the addition of lower concentration of ABA
(1 and 2 uM) is having effects on its cell density compared to other concentration.

About 38x10° cells/ml of cells were enumerated in 2 uM ABA added cultures in 24

hours, which is a 1.4 fold increase when compared to nitrogen-starved S.
quadricauda without external ABA supplementation (Fig. 5.3).
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Fig. 5.3: Growth characteristics of S. quadricauda during ABA supplementation
during nitrogen stress. Cell number of ABA treated and control (nitrogen starved) S.
quadricauda.

5.3.3. External supplementation of ABA and effects on total lipid yield

Total lipid content in nitrogen deprived S. quadricauda is higher than that of
nitrogen rich cells. The ABA supplementation leads to not much increment in lipid
content rather the sustainability of lipid content were observed. Also the lipid content is
higher at 48 hours compared to other time points. The lower concentration of ABA (1
and 2 pM) are only effective than the higher concentration of ABA (Fig. 5.4). The lipid
yield in nitrogen-free S. quadricauda of about 389.99 mg/L was observed. The lipid
yield showed after ABA supplementation was about 385.33 and 365.33 mg/L in 1 uM
and 2 uM respectively (Fig. 5.4). The TLC profile of ABA supplemented
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nitrogen stressed S.quadricauda revealed that the 2uM concentration of ABA has
higher TAG accumulation, when compared to control (Fig. 5.5). The lipid yield was
further confirmed by staining with lipophilic dye Nile red by fluorescence
microscopy, showed a sustainable trend of lipid yield in nitrogen starved cells (Fig.
5.6). Similarly, the nitrogen starved S. quadricauda supplemented with ABA also
maintains the lipid yield. Thus the ABA helps to sustain the lipid yield under

nitrogen starvation as well as sustains the biomass yield.
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Fig. 5.4. Effect of ABA on lipid yield in treated and control (N-) S. quadricauda.

The ABA supplemented cultures and nitrogen stressed S. quadricauda were

depicted in the graph.
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Fig. 5.5. Effect of ABA on lipid yield in treated and control (N-) S. quadricauda.
The ABA supplemented cultures and nitrogen stressed S. quadricauda were

depicted in the graph.
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Fig. 5.6: Nile red image of (A) nitrogen starved (N°) and (B) ABA supplemented
(2uM) S. quadricauda. The yellow golden colour represents the lipid droplets.

5.3.4. Influence of ABA supplementation on biomass yield

The major drawback of stress-induced lipid accumulation was the drastic
reduction in biomass yield. ABA supplementation sustains the cell growth that
eventually prevents the drastic reduction of biomass under nitrogen limitation. Here
also, the lower concentrations of (1, 2 and 3 uM) have effects on biomass under
nitrogen depletion. The maximum biomass was observed in 48 hours. After 48 hours
there is not much increment in biomass yield. The dry biomass yield was 2.1 fold

enhanced in ABA supplemented cultures compared to control (Table. 5.1).

Dry biomass yield (mg/L)

ABA Conc. 0 hr 24 hr 48 hr 72 hr
N+ (C1) 25 275 35 475
N- (C2) 15 20 25 225
N-1uM 15 225 325 435
N-2uM 15 275 525 45
N-3uM 20 25 45 35
N-4uM 15 205 335 30
N-5uM 125 225 35 425

Table. 5.1: Dry biomass yield of ABA supplemented nitrogen starved (N) S.
quadricauda and control.
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5.3.5. Effect of ABA supplementation on pigments

Nitrogen starvation leads to degradation of chlorophyll and lipid
accumulation in microalgae. Chlorophyll is a nitrogenous compound and its
composition was influenced by nitrogen concentration under stress. During nitrogen
stress, the photosynthetic pigments are drastically reduced and the culture becomes
pale yellow. It was observed that total chlorophyll and carotenoids were reduced in
nitrogen stress condition until 72 hours. After ABA supplementation, the pigment
level has no further increment; rather it is protecting the stressed cells (Table. 5.2).
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ABA Total Chlorophyll (mg/L) Carotenoids (mg/L)

conc. Oh 24 h 48 h 72 h Oh 24 h 48 h 72h
C1(N+) 2.967+0.20 3.023+0.58 2.989+0.38 1.580+0.29 0.1293+0.003 0.158+0.026  0.0916+0.02 0.049+0.01
C2(N-) 3.03£0.154 2.266+0.31 1.305+1.12 1.041+0.47 0.0983+0.010 0.1+0.009 0.0543£0.01  0.056+0.011
N-1uM 3.80+1.204 1.759+0.04 2.408+0.61 1.806+0.52 0.081+0.033 0.0746+0.011 0.0806+0.02 0.0393+0.017
N-2uM  2.664+0.04 4.037+1.39 1.225+0.00 1.646+0.99 0.1+0.004  0.1976+0.041 0.0366+0.00 0.0543+0.006
N-3uM 3.11+0.071 1.696+0.16 1.342+0.46 0.948+0.26 0.0866+0.004 0.0833+0.005 0.037+0.028 0.027+0.006
N-4uM 2.326+£0.24 1.211+0.22 1.011+0.01 0.944+0.04 0.073+0.022 0.056+£0.009  0.032+0.009 0.047+0.018
N-5uM  3.66+0.259 3.531+0.94 1.431+0.14 1.346+0.43 0.1006+0.005 0.1676+0.045 0.0583+0.00 0.0896+0.027

Table. 5.2. The effect of ABA supplementation in photosynthetic pigments of S. quadricauda. The photosynthetic pigments in
ABA supplemented and nitrogen starved S. quadricauda

95



CHAPTER 5 Role of Abscisic acid

5.3.6. Fatty acid composition of ABA supplemented nitrogen starved S.
quadricauda

Abscisic acid, the stress hormone had no rapid increment in saturated
and unsaturated fatty acids in nitrogen deprived S. quadricauda. But ABA (5
uM) treated cultures showed 11.17 % increment in saturated fatty acid content
and a decrease of 11.16 % of unsaturated fatty acid content. The lower
concentrations are having fatty acid composition as similar to control. 1.4 %
increment in monounsaturated fatty acid level in 1 uM ABA treated cultures

was also observed under nitrogen deprivation (Fig. 5.7).

100%
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70% |
u PUFA
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40% | HSFA
30%
20%
10%

0%
C(N-) 1uM 2um 3uM 4uM 5uM
Concentration of ABA (uM)

Fatty acid composition(%)

Table.5.7: The effect on fatty acid composition by ABA supplementation in S.
quadricauda. Fatty acid composition of ABA supplemented and control
(nitrogen starved) S. quadricauda.

5.4. Discussion

In our study for the first time we are reporting that the indigenous
level of ABA was found to be 4 fold elevated than the control during nitrogen
starvation in S. quadricauda. According to Kumari et al., 2013, intracellular
ABA was increased up to 1.5 to 1. 7 fold under nutrient starvation in ASW-
cultured thalli of Ulva lactuca. The ABA accumulation was also explained in
chickpea roots under drought by De-Domenico et al. 2012 they reported it to
be 20 % higher than the tolerant plants. They also observed a sharp increase
in ABA within 24 h, after that the level was quantified as constant in tolerable

variety but in stressed plant a decrease within 48 hours. The experiments
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conducted by Lu et al. (2014) also suggested that the elevated level of
intracellular ABA under nitrogen starvation in Nannochloropsis oceanica.
Similarly, the same effect was observed by Tominaga et al., 1993 in green
microalga Dunaliella species. Similarly the yet another abiotc stress, presence
of heavy metals also leads to enhanced ABA level in microalgae (Lu, and Xu,
2015). During the abiotic stress, an endogenous level of ABA shoots up and is
released across the plasma membrane of cyanobacteria and alga. Most often
this enhancement was observed during onset of stress in order to cope-up with
the stress by guarding the cells against photoinhibition in Chlamydomonas
reinhardtii (Saradhi et al., 2000); overcoming the oxidative damage by
reactive oxygen species and free radicals generated during stress in
Chlamydomonas reinhardtii (Yoshida, 2005; Yasohida et al.,, 2003) and

Haematococcus pulvaris (Kobayashi et al., 1997).

Nitrogen-limited TAP media with supplementation of phytohormone
significantly increased the microalgal growth in Chlamydomonas reinhardtii
thus it can be used in efficient microalgal cultivation for biofuel production
(Park et al., 2013). The Scenedesmus sp. CCNM 1077 significantly reduces
biomass under decreased nitrate concentration. It is due to decrease in
metabolic activity and cell division of Scenedesmus sp. CCNM 1077 ;during
nitrogen limitation (Pancha et al., 2014). Similar observations were also
reported in Chlorella sp. (Illman et al., 2000). Phytohormone supplementation
promotes growth that eventually leads to increase in biomass productivity
from 54 to 69 % in Chlamydomonas reinhardtii (Park et al., 2013). Similarly
in S. quadricauda there is an increased cell number in ABA treated cultures.
Lipid droplets are reserved storage products which have been utilised during
stress for survival of the cells (Courchesne et al., 2009). According to Pancha
et al., 2014 the lipid content was increased from 18.87 to 27.93 % in nitrogen
starved condition. Another report on enhanced lipid accumulation in S.
quadricauda under nitrogen starvation explained that there was a 2.27 fold
increment in total lipid yield (Anand and Arumugam, 2015).

Nitrogen is an essential major element involved in the biosynthesis of
proteins, nucleic acids and photosynthetic pigments. Photosynthetic pigments
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viz. Chl a, Chl b and total carotenoid were decreased during nitrogen
limitation in microalgae which eventually affects the biomass yield (Berges et
al., 1996; Kumar Saha et al., 2003; Li et al., 2008). The nutritional stress
triggers the decrease in light harvesting complex and PSII activity and finally
leads to photosynthesis inhibition (Anand and Arumugam, 2015). Current
study also exhibits ABA supplementation is not having marked difference in
pigment level in S. quadricauda during nitrogen starvation. A higher
accumulation of carotenoids serves a protective function against oxidative

stress during nitrogen deprivation (Zhang et al., 2013).

Nitrogen stress altered the fatty acid composition of S. quadricauda
compared to nitrogen rich algal cells. The reported saturated fatty acid content
of S. quadricauda is about 46 % by Anand and Arumugam et al., 2015.
Treatments with ABA have altered the FAME vyield of about more than 10 %
in Chlamydomonas reinhardtii under nitrogen limitation (Park et al., 2013).
Thus the ABA supplementation altered fatty acid composition towards a more

suitable condition for biofuel application.

5.5. Conclusion

Biomass and lipid yield reduction during nitrogen starvation can be
reduced by supplementing the stress responsible hormone ABA. In order to
tolerate the stress the endogenous level of ABA also shoots up about 4 fold
during nitrogen stress. The lower concentrations of ABA are promoting
growth and biomass and sustains lipid yield. The fatty acid composition also
showed a slight difference in saturated and unsaturated fatty acids. Thus,
ABA plays a vital role in sustaining the biomass, lipid yield during nitrogen

starved S. quadricauda.
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6. Overall Summary and Conclusion

The biochemical and metabolic changes during nitrogen starvation was
described here. The Nitrogen stress induces oxidative stress, eventually ROS
generation which leads to lipid accumulation and lipid droplet maturation that
causes enlargement in cell size. Also the increment in mitochondrial potential
during initial hours of nitrogen stress which induces increased ROS generation. In

order to suppress the generated ROS (H202 and OH") under nitrogen starvation the
stress biomarkers such as peroxidase and catalase activity was increased. The

integrated targeted metabolic analysis showed stress associated non proteinogenic
amino acids and energy equivalents elevated during nitrogen starvation.

The molecular changes during nitrogen starvation were addressed in the aspect
of differentially expressed proteins. The stress associated protein (SAP 1-4) were
identified as mitochondrial orf151, ribosomal protein L23, envelope membrane protein
(Chloroplast) and ATP synthase B-subunit of Acutodesmus (Scenedesmus) obliquus
respectively. The differential expression analysis of RPL 23 (SAP 2) showed that there
was about 2.6 fold expressions in nitrogen starved S. quadricauda after 6hr of
incubation. The whole genome sequencing of mitochondrial DNA was performed and
the phylogenetic tree showed divergence in sequence between S. obliquus and S.
guadricauda even though they were in the same clade. SAP 1 was identified in ORF 42
of mitochondrial genome with similarity to LAGLIDADG Homing Endonuclease
protein. LHE was differentially expressed about 4.2 fold during 48 hour of nitrogen
stress induction in S. quadricauda. LAGLIDADG endonuclease of S.quadricauda acts
as a homodimer and performs its endonuclease action. Thus the structure and DNA

binding regions of LAGLIDADG endonuclease was predicted.

In order to sustain the biomass reduction during nitrogen starvation, ABA
played a central role. ABA internal level is shooting up about 27.21pmol/l at 24
hour and then falling down within 48 hours of nitrogen stress induction. The ABA
supplementation (2 uM) to the nitrogen starved S.quadricauda sustains the cell
number and lipid yield with sustained biomass. The FAME profile of ABA treated
cultures showed 11.17% increment in saturated fatty acid level and decrease of
about 11.16% in unsaturated fatty acid content. The overall summary was postulated

in the graphical scheme (Scheme. 6.1).

99



Nitrogen
stress

GABA

Scheme. 6.1: Schematic representation of selected biochemical, metabolic and
molecular changes during nitrogen stress mediated lipid accumulation in
Scenedesmus quadricauda CASA CC202.
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6.1. Salient findings and future perspectives of the study

Two SAPs were identified for the first time in nitrogen starvation -LAGLIDADG
endonuclease and Ribosomal protein L23 — Its role in stress mediated lipid
accumulation is interestingly explored.

ABA shoots up during nitrogen stress. Study its relevance and ABA responsive
factors during nitrogen stress shreds light on stress mediated lipid accumulation.
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