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Introduction
In the current global scenario, achieving an adequate nutrition is a major concern with increasing population and urbanization. It is indeed necessary to find cost effective sources of nutrients that can rapidly produce significant amounts of high value nutritional products. Microalgae are diverse group of unicellular photosynthetic microorganisms capable of producing high value, energy rich compounds using light energy and carbon dioxide. Among these high-value functional ingredients, long chain poly unsaturated fatty acids (LC-PUFAs) including omega 3 and omega 6 fatty acids are the necessary components for the growth of higher eukaryotes. Arachidonic acid (AA, 20:4 ω-6), Eicosapentaenoic acid (EPA, 20:5, ω-3) and Docosahexaenoic acid (DHA, 22:6, ω-3) are the most nutritionally important essential bioactive compounds belonging to omega 3 (n-3) fatty acids. EPA found in mammalian cell membranes serves as a precursor of eicosanoids, which are potent hormone-like compounds including prostaglandins, leukotrienes, and thromboxanes. Intake of eicosanoids has many beneficial effects like inflammatory responses, blood pressure regulation, blood clotting and cell signalling. 
Currently fish and fish derived oils are the major sources of omega 3 fatty acids. However over exploitation of fish for the production of omega 3 fatty acids lead to decline in marine fish stocks which can result in serious ecological imbalances. Moreover fish contain traces of heavy metals, which are harmful to the consumers, especially the carrying mother and infants. In addition, fish oil is not suitable for vegetarians and the odour makes it unattractive. There is a variety of alternative EPA and DHA sources such as bacteria, fungi, plants and microalgae that are currently being explored for commercial production. Fungi require an organic carbon source and typically long growth periods, plants need arable land, have longer growth times and have no enzymatic activity for producing long chain PUFAs EPA and DHA, unless genetically modified.  Microalgae are the initial EPA and DHA producers in the marine food chain and can naturally grow fast under a variety of autotrophic, mixotrophic and heterotrophic culture conditions with high long chain ω-3 fatty acid production potential.
Rationale and objectives of the study
The rationale of the present study is to enrich the omega 3 fatty acid production, specifically EPA content in marine microalgae Nannochloropsis oceanica and to address the challenges associated with large scale cultivation of microalgae. The major challenges occur in large scale cultivation systems are lower biomass and product yield with high operational cost. The development of an efficient large-scale cultivation system for the commercial production of EPA and DHA would address a major global need. In the present study, different Plant Growth Regulators (PGRs) are used as a biochemical agent for high lipid induction and omega 3 fatty acid production in marine microalgae Nannochloropsis oceanica CASA CC201. Plant growth regulators or plant hormones are natural or synthetic chemical messengers involved in plant growth and development and act as stimulators of cellular events such as cell growth, cell division, lipid and fatty acid metabolism. Marine microalgae as primitive eukaryotic plant cells have a close evolutionary relationship with plants and are often used for the production of high-value products. In this study we have used Growth promoting and Stress associated PGRs to enrich the EPA production in N. oceanica without lowering the biomass and lipid production. The present study also addresses the physiological responses like Reactive oxygen species production and endogenous hormonal levels produced during the treatments and its correlation with enhanced omega 3 fatty acid production. Scale up studies has been done to increase the biomass production followed by the partial purification of omega 3 fatty acids using urea complexation method. We have also analysed the role of omega 3 fatty acid enriched microalgal extracts as a preventive measure for neurological diseases like Alzheimer’s. 
Results
The thesis is divided into 5 chapters. The first chapter gives a general introduction about the importance of omega 3 fatty acids and the role of microalgae as the primary producer of omega 3 fatty acids followed by literature survey about the current methods used for enriching omega 3 fatty acids and its commercial and nutraceutical applications. 
Chapter 2 deals with the exogenous application of PGRs and its effect on growth (in terms of cell number and biomass), lipid production and EPA production in N. oceanica. We have selected two classes of PGRs namely Growth promoting and Stress associated plant growth regulators for this study. Growth promoting PGRs selected for this study include an Auxin (Indole-3 acetic acid), a Cytokinin (Kinetin) and Gibberellic acid (GA), which are primarily associated with the growth and development of higher plants. Stress associated PGRs selected include Methyl Jasmonate (MeJA) and Salicylic acid (SA), which are produced as a result of defence mechanisms in plants. Different concentrations of PGRs were added to the culture medium of N .oceanica and its effect was studied during the stationary phase. Plant growth regulators (PGRs) have different physiological effects in microalgal metabolism. Among the different PGR treatments, addition of Kinetin and IAA increases the percentage of EPA 4 fold and 2 fold respectively as compared to the control. Interestingly treatment with higher doses of MeJA promoted Monounsaturated fatty acid production, particularly oleic acid (C18:1) at early stationary growth phase, while treatment with SA induces essential omega 3 fatty acid production (EPA, C20:5). This significant modification of fatty acid compositions was correlated with the oxidative stress in terms of total reactive oxygen species production and endogenous growth hormone levels.
Chapter 3 describes media engineering for enriched omega 3 fatty acid production using statistical tools. Based on the results obtained from the individual treatment of each PGRs, we have designed Plackett-Burman model using Design of Expert (DOE) software including the media components from D-Walnes medium along with growth promoting PGRs like Kinetin, GA and IAA. Plackett-Burman model using IAA, Kinetin and GA was found significant for biomass, lipid and EPA production with a p value <0.05. Positive parameters for biomass, lipid and EPA production were selected from the model for further optimization. Two sets of Response Surface Methodology (RSM) model was designed using Central Composite Design (CCD). Designed PB model was found to be significant for biomass (396mg/L), lipid (254mg/L) and EPA (5.6%) production with a p value <0.05. Significant factors contribute to higher biomass production in PB are NaH2PO4, GA, Kinetin, NaNO3, CuSO4+ZnSO4 and Na-EDTA. Significant factors observed for lipid production are FeCl3, NaH2PO4, GA and IAA. In case of EPA production also FeCl3 contributes to a major significant factor followed by NaNO3. The major objective of this chapter is to formulate a medium for EPA production without compromising the growth properties in a cost effective manner. Further we had formulated a new media using RSM to achieve the same goal and the significant variables selected were NaNO3, NaH2PO4 and IAA. The model was found to be significant for EPA production (16.72%) with a p value <0.05. 
Chapter 4 deals with the scale up and downstream processing for the partial purification of polyunsaturated fatty acids from the total fatty acids. After enriching the omega 3 fatty acid content using specific PGRs, scale up was done in 5L and 50L photo bioreactors for high biomass production. Biomass obtained from scale up studies was used for downstream processing studies. Urea complexation method was used to specifically purify the poly unsaturated fatty acids from the total fatty acid pool. Urea complexation was done at different complexing temperatures and effective temperature for the separation was found to be 25°C. PUFAs like EPA (C20:5- 59 %), Arachidonic acid (C20: 4, 16 %) and Linoleic acid (C18:2- 12 %) were successfully able to purify using urea complexation method.
In Chapter 5 role of omega 3 fatty acid enriched microalgae on the cell viability of neuronal cell line and as a preventive measure of neurodegenerative diseases was analysed. Neurodegenerative disorders are associated with cognitive impairment, loss of memory, loss of synapses and neurons, neuronal death and ultimately brain damage and cell death. Current pharmacological strategies mainly focus on the treatment and management, not the prevention or reversal of the disease. The number of drugs that dramatically increased in recent years does not satisfy the real medical need for the prevention or complete eradication such diseases. Alzheimer’s disease is a major neurodegenerative diseases in the elderly people. This problem leads to the origin of this chapter. Prevention of Alzheimer’s is one of the important things which can reduce the side effects of synthetic drugs. Omega 3 long-chain PUFA, including EPA and DHA, are dietary fats with an array of health benefits. SHSY5Y neuroblastoma cells were selected for this study. Cell viability studies were conducted after treatment with different concentrations of DHA and EPA (purchased from Sigma Aldrich), aqueous extract and lipid fraction from microalgae enriched with EPA. All the treatments showed cell proliferative effects and minimum cell death, which proves that these compounds are not toxic to the cells. 
The salient features of the research work carried out and future perspectives are summarized in 6th chapter followed by References. 
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Microalgae are important photosynthetic organisms that are capable of producing energy-rich compounds such as carbohydrates, proteins, and lipids using light and carbon dioxide. Microalgal biomass has numerous applications which include its potential use as a feedstock for biofuel and as a dietary supplement in animal feed and human foods. Microalgae help to improve immunity, proper brain development, as cosmetic supplements, natural food coloring agents, sources of high-value functional ingredients such as polyunsaturated fatty acids (PUFAs) and omega 3 fatty acids, and pigments like beta carotene, astaxanthin, etc. (Heydarizadeh et al., 2013).  Among these high-value functional ingredients, long-chain polyunsaturated fatty acids (LC-PUFAs) including omega 3 and omega 6 fatty acids are a necessary component of the growth of higher eukaryotes (Adarme-Vega et al., 2012). Arachidonic acid (AA, 20:4 ω-6), Eicosapentaenoic acid (EPA, 20:5, ω-3) and Docosahexaenoic acid (DHA, 22:6, ω-3) are the most nutritionally important essential bioactive compounds in omega 3 (n-3) fatty acids. EPA is vital component of mammalian cell membranes and serves as precursors of eicosanoids. Eicosanoids are potent hormone-like compounds including prostaglandins, leukotrienes, and thromboxanes which have many beneficial effects like inflammatory responses, blood pressure regulation, blood clotting and cell signaling (Kinsella et al., 1990). EPA also involved in neuronal and retinal development in infants, improving the immune system, reducing the risk of cardiovascular diseases, atherosclerosis, hypertension, schizophrenia, and cancers (Riediger et al., 2009). 
Marine fish and its products are the primary EPA source, but fish stocks are in decline since the 1980s and fish contains traces of heavy metals which are harmful to the consumers, especially the carrying mother and infants (Bourdon et al., 2010; Worm et al., 2006). Moreover, fish is not suitable for vegetarians, and heavy metals are toxic and it may cause severe health problems especially in pregnant ladies. Due to these reasons, many researchers are focused on alternative sources for conditionally essential fatty acid EPA. Marine microalgae are the primary producers of omega 3 fatty acids, and fish obtain omega 3 fatty acids through bioaccumulation from the aquatic food chain (Wen & Chen, 2003). Microalgae have a broad range of advantages including their ability to grow under autotrophic, heterotrophic and mixotrophic conditions and it can be cultivated on non-arable land with limited water resources. These things make microalgae as a preferred choice for commercial production of omega 3 polyunsaturated fatty acids like EPA and DHA. Manipulation of culture conditions or genetic engineering approaches can be triggered to produce targeted compounds such as lipids, pigments, proteins, and polyunsaturated fatty acids [PUFAs] from microalgae (Sreekumar, Chennattussery, et al., 2018; Wu et al., 2005). In this context, different strategies have been developed such as nutrient stress (nitrogen, phosphorous, etc.), irradiance, temperature, and salinity, application of growth-promoting substances, heavy metal exposure and other chemicals (Anand & Arumugam, 2015; Converti et al., 2009; Sreekumar et al., 2016; Sreekumar, Haridas, et al., 2018). Forjan et al (2011) also reported that treatment with UV radiation for 7 days has enriched fatty acid production in Nannochloropsis sp. (Forján et al., 2011). 
In this study, two different classes of growth regulators such as growth promoting and stress associated were used as a biochemical agent for high lipid induction in one of the marine microalgae Nannochloropsis oceanica CASA CC201. Particular research interests are made on microalgal genus Nannochloropsis due to its ability to synthesize omega 3 fatty acids, mainly EPA (Hoffmann et al., 2010). Nannochloropsis oceanica is a group of unicellular and non-motile microalgae belonging to the family Eustigmataceae within Heterokonta. Marine microalgae Nannochloropsis oceanica has some differences from the other related group of microalgae. This group of microalgae was originated from a secondary endosymbiotic event in which a eukaryotic host cell is engulfed by red algae (Archibald & Keeling, 2002).  The unique property of Nannochloropsis among Heterokonta is the presence of chlorophyll a and complete lack of chlorophyll b and c. In addition, they contain minor pigments such as astaxanthin, zeaxanthin, and canthaxanthin. They are very small in size (2-3μm) and with simple and reduced structural elements compared to the neighbouring Taxa (Lubián et al., 2000).

Scheme 1.1 Schematic representation of the workflow
Plant growth regulators (plant growth hormones or phytohormones) are natural or synthetic chemical messengers involved in plant growth and development and act as stimulators of cellular events such as cell growth, cell division, lipid and fatty acid metabolism (Rubio et al., 2009). Marine microalgae as primitive eukaryotic plant cells have a close evolutionary relationship with plants and were often used for the production of high-value products (Tarakhovskaya et al., 2007). PGRs also have an important role in regulating physiological processes such as germination, rooting, growth, flowering, fruit ripening, foliage and senescence of crop plants. Among the different PGRs, auxin is an active ingredient in the rooting mixtures, which helps the vegetative propagation of plants. Hence PGRs are widely used in the agricultural sector to improve the quality of crop plants and for food applications. Therefore PGRs can be used as environmentally friendly agents for targeted metabolite synthesis in higher plants and in edible microalgae which improves the nutraceutical properties as well as food and feed applications. The most important plant growth regulators are Indole-3- acetic acid (IAA), Gibberellic acid (GA), Kinetin (KIN), Abscisic acid (ABA), Methyl Jasmonate (MeJA) and Salicylic acid (SA). Cytokinins (Trans-zeatin and Kinetin) are a class of plant-specific hormones that play a crucial role in regulating the differentiation and proliferation of plant cells, delay of senescence, transduction of nutritional signals, increased crop productivity control of shoot/root balance and coping with the abiotic stress(Rubio et al., 2009). Not many reports can be found on the effect of these exogenous growth regulators on N. oceanica. Yokoya et al., (1999) reported that Cytokinin alone or in combination with Auxins when applied exogenously would enhance the red algal growth and it will also enhance callus formation (Yokoya et al., 1999). As a cell division promoting substance, Cytokinin will increase the cell division and growth rate in algal cells similar to higher plants. This potential of these bioactive molecules makes them suitable as a precursor for biofuel production or nutritionally valuable LC-PUFAs. Gibberellins play a fundamental role in many physiological processes throughout the whole plant life cycle. Commercial applications of Gibberellins are parthenocarpic fruit development in the absence of fertilization and delay fruit development (Swain & Singh, 2005). In agricultural industries, Gibberellins are used as enhancers of cell elongation and seed germination in higher plants. Several research works are focused on the effect of Gibberellins on growth and high-value products in microalgae. Johnston (1963) reported the growth-promoting and growth-inhibiting the activity of Gibberellins on a mixed population of phytoplanktons (Johnston, 1963). Reports are also available on the effect of Gibberellins on cell size (Gonai et al., 2004). There is little or scarce evidence for the actions of Gibberellins beyond those in higher plants. Gibberellin was found to enhance the growth of Chlorella vulgaris and have a positive influence on the content of proteins, monosaccharides, chlorophyll a and b and total carotenoids (Falkowska et al., 2011). It also accelerates the growth of Chlamydomonas reinhardtii for biofuel production. Xin-jun yu et al., 2016 reported the positive effect of Gibberellins on growth and DHA production of marine microorganism Aurantiochytrium sp. Methyl Jasmonate (methyl ester of Jasmonic acid, MeJA) and Salicylic acid (SA) are key signaling molecules, known for their roles during development, stress and defense responses in plants(Yu et al., 2016). Application of JA increased saturated fatty acid (SFA) and monounsaturated fatty acid (MUFA) production in Chlorella vulgaris (Jusoh et al., 2015a). In the present study, treatment with specific concentrations of MeJA and SA promoted growth, lipid accumulation, pigment production and protein content in N. oceanica CASA CC201. One of the most interesting results from our study is the changes in oleic acid (C18:1) and EPA (C20:5) content after MeJA and SA treatments. One of the possible mechanisms behind the increase in lipid and changes in fatty acid profile after stress hormone treatment could be the generation of ROS in the cultures treated with MeJA and SA. ROS including Hydrogen peroxide (H2O2), Superoxide anions (O2-.) and Hydroxyl free radical (OH-.) can inhibit photosynthesis and can cause damage to DNA, proteins, and lipids in plants. In microalgae, ROS plays an important role in channeling the synthesized metabolites towards lipids as an energy reserve in order to overcome the stress-induced damage to cells (Wang et al., 2016). Microalgae share physiological similarities with higher plants. The physiological role of plant growth regulators is mainly focused on higher plants. There are few studies conducted on the effects of Auxins, Cytokinins and other plant growth regulators in green algae such as Chlorella and Scenedesmus and Cyanobacteria such as Spirulina (Czerpak et al., 1999). PGRs were used to increase the productivity of omega 3 fatty acids from Nannochloropsis oceanica CASA CC201 for overcoming the drawbacks of traditional microalgal cultivation and product development in a commercially viable manner.
The addition of PGRs one-at-a-time will increase the number of experiments, time consumption and often leads to misinterpretation of data. For enriching omega 3 fatty acids production from Nannochloropsis oceanica CASA CC201 it is very necessary to understand the combinatorial interactions of PGRs with media components and culture conditions. Optimization of single variables excludes the interaction among the variables which is incapable of reaching the correct optimum point. Statistical tools like Plackett-Burman design were used for the screening of parameters to detect large main effects. The selected parameters were further optimized using Response Surface Method (RSM). Plackett-Burman design is a well-established and commonly used statistical tool to optimize the media parameters and to screen which media component gives the maximum effects. RSM is an effective method for the screening of key factors from the multiple factors for the optimization of culture conditions. Studies using RSM helps to avoid the errors occurred during single parameter optimization (Junwei Zhang et al., 2010). Application of RSM has been successfully utilized in the chemical industry, engineering, and biological studies. But only a few reports are available on the application of RSM for the optimization of biomass and lipid accumulation in microalgae. Till now various studies have been designed to increase the biomass and high-value metabolite production in microalgae by optimizing different media components (Haque et al., 2012). But there are no results are available for statistical optimization of PGRs together with D-Walnes media components for the cost-effective production of omega 3 fatty acids from N. oceanica CASA CC201. In our study, the designed Plackett-Burman model was found to be significant for biomass, lipid and EPA production. For the industrial production of any high-value metabolite, it is very important to obtain sufficient biomass production. RSM was used to formulate a new medium with PGRs for increased biomass and omega 3 fatty acid productions, using NaNO3, NaH2PO4 and IAA. PGRs can be act at very low concentrations which can be effectively used in large scale cultivation. The newly formulated medium can be used to overcome the major drawbacks of traditional microalgal large scale cultivation techniques in a cost-effective manner. 
Once we had achieved the high omega 3 fatty acid production the next challenge is to successfully purify the PUFA from the total lipid pool. Different techniques are available for the separation of PUFAs including supercritical fluid extraction, urea complexation, freezing crystallization, high-performance liquid chromatography, and lipase concentration. Among these methods, urea complexation is the most efficient and cost-effective method to separate PUFA from mixed oils. Urea complexation also has many advantages over other techniques because the crystals formed through complexation are more stable and filtration at low temperature is not required. Urea complexation is an environmentally friendly approach involving green solvents approved by the FDA which makes the process more suitable for nutraceutical and pharmaceutical applications.  Moreover, the separation purely depends on the presence of multiple double bonds rather than pure physical properties like stability and melting point. Short chain fatty acids like SFAs and MUFAs have the ability to form crystals with urea and PUFAs can be easily separated using centrifugation and filtration. Purification of PUFAs is very important for nutraceutical and pharmaceutical applications. 
Dementia is a progressive debilitating disorder that results in memory loss, language problems, difficulties in doing daily activities, psychological changes. Care for patients with dementia imparts different types of difficulties and burdens on the caretakers and healthcare systems worldwide (Burns & Iliffe, 2009). Mostly aged people are prone to the occurrence of dementia, but it can occur in younger people as well. Alzheimer’s is one of the most common causes of dementia (Burns & Iliffe, 2009). Ferri et al., in 2005, reported that over 80 million people will be affected by dementia by the year 2040 and the majority of the affected people will be from low-income countries (Ferri et al., 2005). Existing therapeutic practices only result in small symptomatic cognitive improvements in some patients but mostly fail to prevent the progression of dementia (Raina et al., 2008). Lifestyle factors play a significant role in the occurrence of dementia. Among the lifestyle factors, dietary contents such as omega 3 fatty acids can contribute significantly to prevent the progression of dementia.
Brain composed mainly of fatty acids and has an important role in brain development. DHA and EPA are important PUFAs that have been directly linked to brain development and many mechanisms have been postulated for understanding the role of omega 3 fatty acids in neurodegenerative diseases. Omega 3 fatty acids are a major component of membrane phospholipids in the brain which helps to maintain the membrane integrity and neuronal function. Oxidative products of omega 3 fatty acids act as transmitters of inflammation, oxidative stress, immunity and thrombosis which will finally result in dementia (Uauy & Dangour, 2006). Bazan in 2006 reported the direct correlation of omega 3 fatty acids by enhancing the neuronal health in the aging brain through a series of mechanisms (Bazan, 2006). In this regard, our objective is to analyze the effects of microalgal extract and lipid extract rich in EPA on the cell viability of SHSY5Y cell lines and the comparison of their effects with commercially purchased purified DHA and EPA. Different studies have been shown that extracts from Nannochloropsis sp. prepared in different solvents have shown antioxidant activities against reactive oxygen species induced cell death (Custódio et al., 2012). It is also reported that N. oceanica extract possessed antioxidant activity in neuronal cells against amyloid beta induced oxidative stress and cell damage (Adarme-Vega et al., 2012). The main objective of this study is to use Nannochloropsis extract as a dietary source for the prevention of neurodegenerative diseases. So, the major challenge is to eliminate the use of harmful chemicals or solvents used in the extraction process. Aqueous extracts are reported to have advantages regarding the safety issues in dietary uses. Therefore, we had used water extracts of N. oceanica CASA CC201 for neuronal damages in SHSY5Y cells.  This study can be used for initial leads on the protective effects of omega 3 fatty acid enriched Nannochloropsis extract which can be used as preventive measures against neurodegenerative diseases. 
[bookmark: _Toc38186169][bookmark: _Toc38667414]Rationale and objectives of the study
Essential omega 3 fatty acids such as Docosahexaenoic acid and Eicosapentaenoic acid has a major role in diet and proven to have many health benefits as mentioned in the introduction. Fish and fish-derived oils are the major sources of omega 3 fatty acids, but overexploitation had resulted decline in fish stocks. Moreover, presence of toxic heavy metals and unpleasant odor make it harmful to the consumers and it may cause several health problems especially in pregnant ladies and infants. In this regard, development of a viable and sustainable green way for the production of omega 3 fatty acids is very necessary. EPA is vital components of mammalian cell membranes and serves as precursors of eicosanoids. In this context different strategies have been developed such as nutrient stress (nitrogen, phosphorous etc.), irradiance, temperature, and salinity, heavy metal exposure and other chemicals. Microbial oil from N. oceanica considered as a rich source of EPA. EPA content of different Nannochloropsis sp. varies from 2.9% to 41.7% in different open pond and closed bioreactors under different cultivation conditions (Ma et al., 2016). The major challenges occur in large scale cultivation systems are lower biomass and product yield with high operational cost. The development of an efficient large-scale cultivation system for the commercial production of EPA and DHA would address a major global need. The rationale of the present study is to enrich the omega 3 fatty acid production, specifically EPA content in marine microalgae Nannochloropsis oceanica and to address the challenges associated with large scale cultivation of microalgae in an environmentally friendly green approach using plant growth regulators (PGRs). Plant growth regulators or plant hormones are natural or synthetic chemical messengers involved in plant growth and development and act as stimulators of cellular events such as cell growth, cell division, lipid and fatty acid metabolism. Marine microalgae as primitive eukaryotic plant cells have a close evolutionary relationship with plants and PGRs are often used for the production of high-value products. Our approach is to enrich the EPA production in N. oceanica CASA CC201 using PGRs and make it available for edible applications. Therefore, the present study was proposed with following objectives: -
1. Modulation of Biomass, lipid production and omega 3 fatty acid synthesis in N. oceanica using plant growth regulators (PGRs)
2. Media engineering with PGRs using statistical tools for the optimization of biomass, lipid and omega 3 fatty acid production
3. Downstream processing for the partial purification of EPA using urea complexation method
4. Effect of omega 3 fatty acids and enriched microalgae on the cell viability of SHSY5Y neuronal cells.
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Microalgae have been studied for decades, but in recent years a new wave of research has started as part of the search for renewable and sustainable energy sources (Arumugam et al., 2011; Jarvis, 2008). Microalgae are microscopic photosynthetic organisms and one of the largest and most poorly understood groups of organisms on the planet earth. They are unicellular to multicellular organisms with a size ranging from few microns to hundred microns.  Moreover, microalgae are the most abundant group of living organism in the fresh water and marine environment becomes the primary producer for many aquatic organisms (Muller-Feuga, 2000). These biological cell factories are the natural nutritional base and primary source for the aquatic food chain (Muller-Feuga, 2000). Microalgae are primitive plants belonging to Thallophytes without stems, leaves and roots and have chlorophyll a as primary photosynthetic pigment. Photosynthetic machinery of microalgae is similar to land plants and due to simple cellular structure and adaptations to aquatic environment with efficient access to water, carbon dioxide (CO2) and other nutrients they are more efficient in converting solar energy into biomass. Algal biomass has been used for centuries as food and medicine. The health promoting effects of algae were discovered as early as 1500 BC (Moheimani & Borowitzka, 2011). However, the biomass of algae gained interest as a source of chemicals and pharmaceuticals only recently. An alga contains wide range of nutrients including proteins, lipids, carbohydrates, and trace nutrients, including vitamins, antioxidants, and trace elements (Pasquet et al., 2011).  These compounds have the characteristics to serve as natural nutritional supplements in human and animal feed and have many health promoting effects. Fish meal is the protein source primarily constituted by products from processed fish traditionally used in aquaculture diets but its increasing demand makes it limited and expensive. So, in order to overcome this problem nutritional contents of algae are rapidly gaining importance as a renewable source to substitute the conventional ingredients in the human diet or animal feed (Adarme-Vega et al., 2012).
[bookmark: _Toc32139213]Microalgae ensure certain exceptional advantages over other organisms, because of their flexibility to switch their nutritional mode based on the availability of different substrates and light conditions. Based on the nature of substrate microalgae can be autotrophic, mixotrophic or heterotrophic. In autotrophic or phototrophic mode of growth, microalgae require inorganic compounds such as CO2, salts and light energy for growth. Heterotrophic mode of cultivation requires an external source of organic compound as well as nutrients as energy source.  Furthermore, many algae also grown in saline to hyper-saline waters, and thus do not compete with conventional agriculture for limited resources such as fresh water and arable land. However, micronutrients from microalgae are readily bio-available and more easily digested; owing to minuscule of algal cells can be readily absorbed by the digestive system (Berquin et al., 2011). These distinct parameters make microalgae as potential source for the large-scale production of nutraceuticals in an economically viable manner. High value metabolites from microalgae
Algae can be mainly divided into two: - prokaryotic and eukaryotic. Prokaryotic organisms are devoid of membrane bound organelles like mitochondria, nuclei, plastids and Golgi bodies. Cyanobacteria are the major class of prokaryotic microalgae. Eukaryotic microalgae are further divided into different classes mainly based on their pigmentation, basic cellular structure and life cycle. The major classes of eukaryotic microalgae are Chlorophyta (green algae), Rhodophyta (red algae) and Bacillariophyta (diatoms) (Khan et al., 2009). It is found out that over different 50,000 microalgal species exist in nature, but only around 30,000 have been studied and analyzed for various applications (Richmond, 2004). Microalgae that could be used in food supplements and nutraceuticals are Spirulina, Chlorella, Haematococcus, Nostoc, Botryococcus, Anabaena, Chlamydomonas, Scenedesmus, Synechococcus, Parietochloris, Crypthecodinium, Nannochloropsis and Porphyridium etc. due to the capability of producing necessary high value metabolites. In addition, these edible microalgae are rich source for major (Phosphorus, Sodium, Sulfur Nitrogen Magnesium and Calcium) minor and trace elements (Zinc, Iodine, Manganese, Copper, Selenium, Cobalt and Molybdenum). Microalgae are also rich in essential amino acids, omega 3 (Docosahexaenoic acid, Eicosapentaenoic acid) and omega 6 (Arachidonic acid) fatty acids. Due to wide range of beneficial compounds and nutritive contents, the market for increased algae production for nutraceuticals is getting more attention and it is more profitable (Adarme-Vega et al., 2012; Mata et al., 2010). 
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  More funding and research works have been focused during the last few years to screen high value metabolite from microalgae. Different bioactive metabolite were identified and extracted from microalgae and macroalgae such as sulphated polysaccharides, carotenoids, beta carotene, omega 3 fatty acids, polyphenols, vitamins and proteins (Table 1.1). 

	Bioactive metabolites
	Microalgae
	Health benefits
	References

	Carotenoids

	β carotene
	Dunaliella salina
	Food colorant, pro vitamin A, anti-oxidant, anti-inflammatory
	(Borowitzka, 1995; Fujitani et al., 2001)

	Astaxanthin
	C. zofingiensis, H. pluvialis
	Pigmenter, anti-oxidant, anti-inflammatory
	(Ciccone et al., 2013)

	Zeaxanthin
	C.ellipsoidea, D.salina
	Food colorant, anti-oxidant
	(Jin et al., 2003)

	Canthaxanthin
	Chlorella sp.
	Food colorant, pigmenter in aquaculture and poultry
	(Nasri Nasrabadi & Razavi, 2010)

	Lutein
	Scenedesmus sp. Muriellopsis sp.
 Chlorella sp.
	Anti-oxidant
	(Cordero et al., 2011; Del Campo et al., 2001; Sánchez et al., 2008)

	Phycobilins
	Cyanobacteria, Rhodophyta
	Colorant in food and cosmetics, anti-oxidant
	(Eriksen, 2008)

	Polyunsaturated fatty acids

	Arachidonic acid (ARA)
	P.purpureum, P. cruentum, 
	Improves growth, visual and functional development in infants
	(Solovchenko et al., 2008; Su et al., 2016)

	Eicosapentaenoic acid (EPA)
	Nannochloropsis, P.tricornutum, P. cruentum
	Cognition, cardiovascular benefits, protection against arthrosclerosis, anti-inflammatory
	(Asgharpour et al., 2015; Sukenik, 1999)

	Docosahexaenoic acid (DHA)
	C.cohnii, Schizochytrium sp., Ulkenia sp.
	Brain and eye health, cardiovascular benefits, nervous system development
	(W.-L. Chu, 2012; Horrocks & Yeo, 1999)

	Peptides 
	C.pyrenoidosa, N.oculata, T.suecica, B.braunii
	Anti-hypertensive, anti-cancer, anti-oxidant, anti-inflammatory
	(Samarakoon et al., 2013; X. Wang & Zhang, 2013)

	Sulfated polysaccharides
	Porphyridium sp. P.tricornutum, C.pyrenoidosa, 
	Antiviral, immunomodulatory, antioxidant, anti-inflammatory
	(Guzman et al., 2003; Huheihel et al., 2002)

	Phenolics
	B.braunii, C.vulgaris, Isochrysis sp. 
	Anti-oxidant
	(Goiris et al., 2012)


[bookmark: _Ref38651296][bookmark: _Toc38667869]Table 1.1 High value metabolites from microalgae and its health benefits
These high value bioactive metabolites have great potentials as supplement in the human diet for the prevention and treatment of several diseases. Thus microalgae and macroalgae derived compounds have showed different biological activities such as, anti-inflammatory, anti-diabetes, anti-oxidant, anti-cancer and anti-viral properties (Lauritano et al., 2016).
Microalgae serve as a potential source for combating numerous health conditions and deficiency diseases occurred in population worldwide. Very recently the four most prevalent global diseases such as malnutrition, nutritional anemia, xerophthalmia (vitamin A deficiency), and endemic goiter (iodine deficiency) were reported (Berquin et al., 2011). These deficiency disorders can overcome by consuming appropriate amounts of microalgae per day. Consumption of algae promote different body functions including immunity, respiration, proper heart functions and brain functions (Chew & Park, 2004). 
In addition to these major function algae has been used as a sun protectant, a moisturizing agent, and as a treatment for wounds, burns, and bruises, due to its anti-inflammatory properties. Algae offer number of possibilities for enhancing health and wellbeing of human and animals. Many researchers suggested algae as a therapeutic solution for a number of health conditions, including diabetes, heart disease, autoimmune diseases, cancer and cognitive decline, in the form of dementia and Alzheimer’s (Lordan et al., 2011).
[bookmark: _Toc32139214][bookmark: _Toc38186172][bookmark: _Toc38667417]Omega 3 fatty acids
Fatty acids play a vital role in metabolism, as an essential component of all the organelle membranes and as regulatory molecules. Poly unsaturated fatty acids are essential dietary lipids that are the major precursor molecules for active metabolism. Marine microalgae are potential sources of Long Chain Poly Unsaturated Fatty Acids (LC- PUFA). Polyunsaturated fatty acids (PUFAs) contain more than one double bond in their backbone. PUFAs mainly divided into two categories – omega 3 fatty acids and omega 6 fatty acids. These two are come under the group of methylene interrupted polyenes in which two or more cis double bonds are present that are separated by a single methylene bridge.
In omega 3 fatty acids the first double bond is present between the third and fourth carbon atom from the omega carbon. These fatty acids are important dietary fats. Humans and other mammals can synthesize saturated fatty acids and some monounsaturated fatty acids from carbon groups in carbohydrates and proteins, but they lack the necessary enzymes to insert a cis double bond at the n-6 or the n-3 position of a fatty acid. Humans and animals lack the enzymes necessary for the synthesis of PUFAs more than 18 carbon atoms.  Mainly three types of omega 3 fatty acids involved in human health and physiology are α-linolenic acid (ALA) (found in plant oils), Eicosapentaenoic acid (EPA), and Docosahexaenoic acid (DHA) (mainly seen in marine oils) (Figure 1.2). Among this DHA and EPA are important omega 3 fatty acids derived from microalgae. Linoleic acid (LA) and Arachidonic acid (ARA) are the two important fatty acids belonging to omega 6 family. 
[bookmark: _Toc32139215][bookmark: _Toc38186173][bookmark: _Toc38667418]Chemistry of omega 3 fatty acids
α-Linolenic acid (ALA) is a carboxylic acid with an 18-carbon chain and three cis double bonds in their backbone. ALA is the commonly observed omega 3 fatty acid in the western diet. It found in plants, vegetable oils, flaxseed, walnut, canola and soybean oils. It is an essential fatty acid, but human body cannot synthesize it, thus needs to be supplemented in diet. ALA is the precursor for two nutritionally important fatty acids, namely DHA and EPA. In chemical structure, EPA is a LCPUFA with a 20-carbonchain and five cis double bonds; the first double bond is located at the third carbon from the omega end. It also has the trivial name of timnodonic acid. It serves as precursor for prostaglandin-3 and thromboxane-3 families.
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[bookmark: _Ref37406597][bookmark: _Toc38188965][bookmark: _Toc38667828]Figure 1.2 Chemical structure of omega 3 fatty acids
The major source of EPA in humans is fish or algae. Docosahexaenoic acid (DHA) (22: 6) is a 22-carbon chain polyunsaturated omega-3 fatty acid. DHA is essential for the growth and functional development of brain in infants and adults. More specifically, it is a major structural lipid in the brain and the retina of the eye and is a key component of the heart. In humans DHA is biosynthesized by the conversion of EPA to Docosapentaenoic acid, subsequently converted to DHA.
[bookmark: _Toc32139218][bookmark: _Toc38186174][bookmark: _Toc38667419]Health benefits of omega 3 fatty acids
Omega 3 fatty acids have major role in diet as well prevention of major diseases like cardiovascular diseases. Cardiovascular disease is the cause for almost 38% deaths in United States of America (USA). The consumption of omega-3 fatty acids protect heart by decreasing arrhythmias, blood clot formation, blood triglycerides, growth rate of atherosclerotic build-up, as well as improve the function of arteries. High level supplementation of DHA and EPA in diet known to reduce high blood pressure. ALA have a protective effect on heart health. DHA and EPA have anti-inflammatory properties and effectively used to treat the inflammatory bowel disease (IBD), eczema, psoriasis and rheumatoid arthritis (Cleland et al., 2003). The anti-inflammatory and cardio protective functions of omega PUFAs improve the immune system. Thus, immune compromised diseases like HIV⁄AIDS require, DHA and EPA enriched nutrients to strengthen the immune system for long term survival (Zimmerman, 1997).
In diabetic patient’s plasma glucose and LDL (low density lipoproteins) level will be high and HDL (high density lipoproteins) will be very low. Omega 3 PUFAs significantly decreases LDL level with plasma triglyceride. DHA and EPA are also used in the treatment of gastrointestinal diseases and also help to decrease platelet aggregation (Levy & Herzberg, 1996). Increased concentrations of long chain fatty acids and EPA (major proportions of n-3 omega PUFAs) reported to have a protective role in colorectal cancer (Nkondjock et al., 2003). Consumption of omega 3 fatty acids in diet have positive effects in patients with pancreatic cancer, like suppression of tumor formation and reducing weight loss (Barber et al., 1999). 
Deficiency in EPA during childhood related with development of mental health issues like depression, heart problems, joint and bone conditions and, neurodegenerative diseases like Parkinson’s disease. The DHA level is significantly reduced after the development of brain and CNS (after the age of five).  Studies show that EPA can help to improve childhood behavior and academic performance, like focus, attention and reducing aggression. Dry skin conditions, asthma and allergies are also common in children and good levels of EPA at this time can help reduce the inflammation. EPA also protects our genes and cell cycle, as well as helping to keep our stress response regulated, thus an adequate supply of EPA in day today diet prevent a range of chronic illness. DHA is an essential component of retina. 
Omega 3 fatty acids are also preventing eye diseases like, age related macular degeneration (ARMD) an illness associated with progressive degeneration of macula (needed for sharp, central vision), a small spot near the centre of the retina. Alzheimer’s disease is the major cause of dementia in elderly adults. Research findings suggest that deficiency in DHA levels are also associated with Alzheimer, DHA perhaps inhibit the progression of the disease. Moreover, DHA inhibits the formation of amyloid plaques and decreases the chances of development of Alzheimer diseases. 
	Type of PUFA
	Deficiency associated diseases
	Physiological functions

	ALA
	Cardiovascular diseases, cancer, coronary heart disease, cardiac arrhythmias, myocardial infarction
	Maintenance of serum cholesterol level, blood pressure, decreased platelet aggregation, adhesion of monocytes to blood vessels, vascular dilation, inflammatory processes and immune functions, neural integrity, learning and visual abilities, development of retina and retinal functions

	EPA and DHA
	Coronary heart diseases, fatal myocardial infarction, inflammatory diseases, bipolar disorder, cognitive decline, aggression, age related maculopathy
	Maintaining the production of Prostaglandin metabolites and Thromboxane A2, inflammatory processes and immunity, increased activity of Rod photoreceptor, visual acuity and neural function, maintenance of serum cholesterol, development of brain and retina (infants)

	LA
	Cardiovascular diseases
	Maintenance of serum cholesterol, Low density lipoproteins (LDL) and High-density lipoproteins (HDL), platelet aggregation, maintenance of blood pressure, inflammatory processes and immune responses


[bookmark: _Ref38652343][bookmark: _Toc38667870]Table 1.2 Potential beneficial effects of PUFAs and its physiological functions.
Reference: (Harris et al., 2009; Mozaffarian, 2005; Ristic-Medic et al., 2014; Willett, 2007)
Maternal nutrition guidelines have specified a high caloric food with sufficient amounts of proteins, carbohydrates and vitamins, but recently more importance has given to fatty acids (Ramakrishnan et al., 2010). Supplementation of adequate amounts of omega 3 fatty acids during pregnancy has been proved to have beneficial effects on fetal development and during infancy (Table 1.2). During pregnancy nutrients including omega 3 fatty acids will transfer from mother to fetus through placenta. The amount of omega 3 fatty acid intake by the fetus is directly proportional to the amount ingested by the mother. Therefore, it is very important that the mother has taken proper nutrition in their diet (Dunstan et al., 2008). Department of Health and Human Services has released dietary guidelines in 2010 that breastfeeding or pregnant woman must consume 8 to 12 ounces of seafood per week which is equivalent to ~300-900 mg EPA+DHA per day (Committee, 2010). But in US and Canada the recommended amount is not being consumed by the pregnant or breast-feeding woman, which specifies the need for an alternative source for omega 3 fatty acids.
Several studies reported that omega 3 fatty acid consumption during pregnancy and breastfeeding will protect the infants from allergies (Table 1.2). Consumption of omega 3 fatty acids is also necessary for proper cell membrane function and development of brain and retina. Improved problem-solving skills have been observed in children whose mother had taken omega 3 supplementation during pregnancy (Judge et al., 2007).  Children have also showed significantly higher scores for eye and hand coordination whose mother have supplemented with EPA+DHA during pregnancy (Dunstan et al., 2008). 
[bookmark: _Toc38186175][bookmark: _Toc38667420]Dietary recommendations
Health and nutritional advisories on the consumption of PUFAs dated back to 1970s when the Food and Agriculture Organization (FAO) and World Health Organization (WHO) has recommended that infant formulae must have the characteristics of breast milk which is rich in ARA, DHA and EPA. More importance has given for the consumption of PUFAs emerged when it was noted that populations consuming adequate amounts of PUFA in food had a much lower incidence of cardiovascular diseases. It has been observed that this kind of populations consume 0.5-0.7g DHA per day. But the sad fact is that US population consumes only 0.1-0.2g DHA and EPA per day.  General recommendations for the daily dietary intake of DHA and EPA are 0.5g for infants and average of 1g/day for adults and patients with coronary heart disease and 2-4g per day for patients with hyperglyceridemia (Kris-Etherton et al., 2002). 
[bookmark: _Toc38186176][bookmark: _Toc38667421]Sources of omega 3 fatty acids
Currently fish and fish derived oils are the major sources of omega 3 fatty acids in the human diet. Scombridae, Salmonidae and Clupeidae are oily fishes with highest percentage of omega 3 fatty acids. Therefore, fish oil is the most preferred source over plant oil because of the higher concentrations of EPA and DHA. Humans obtain omega 3 fatty acids from plants in the form of ALA, but humans lack the enzyme necessary for the synthesis of essential forms of PUFA. So, fish oil can be considered as the ideal sources of omega 3 fatty acids. But fish stocks are in decline since the 1980s and fish contains traces of toxic contaminants (dioxin, mercury) which are harmful to the consumers, especially the carrying mother and infants. Moreover, fish is not suitable for vegetarians, and heavy metals are toxic to everybody, and it may cause severe health problems especially in pregnant ladies. Due to these reasons, many researchers are focused on alternative sources for conditionally essential fatty acid EPA. 
Marine microalgae are the primary producers of omega 3 fatty acids, and fish obtain omega 3 fatty acids through bioaccumulation from the aquatic food chain. Other alternative sources of omega 3 fatty acids are bacteria, yeast, filamentous fungi and plants that are currently being explored for commercial production of omega 3 fatty acids (Table 1.3). Bacteria such as Colwellia sp., Shwenella sp., etc. have been reported to produce DHA and EPA (Nichols & McMeekin, 2002). But bacteria are not commercially viable for the production of omega 3 fatty acid production because they have very lower lipid accumulation. Moreover, the presence of some undesirable lipids makes bacteria unsuitable for the commercial production. Even though these organisms are not harmful for humans, there are no reports about the usage of bacterial omega 3 fatty acids for human consumption. Some fungal strains such as Mortierella sp. has also been reported to be the producers of omega 3 fatty acids (Jacobs et al., 2009). The major problems associated with production of omega 3 fatty acids are fungi require organic carbon source and have long growth periods, which makes the process more costly. Plants have no enzyme machinery for the production of LC-PUFAs unless modified genetically and need arable land and have longer growth periods.
	Organism
	EPA and/or DHA production

	Bacteria

	Shewanella putrefaciens
	24-40% EPA

	Pneumatophorous japonicus
	36.3% EPA

	Photobacterium
	46%

	Fungi

	Thraustochytrium
	62.9% DHA

	Mortierella
	6.72% EPA, 4.09% DHA

	Pythium
	8.2% EPA

	Fish

	Sardinops sagax
	20.4% EPA, 12.2% DHA

	Merluccius productus
	34.99% EPA

	Sebastes pinniger
	29.8% EPA

	Mallotus vilosus
	17.8% EPA

	Plant (transgenic)
	

	Soybean
	20.0% EPA

	Brassica carinata
	25.0% EPA

	Nicotiana benthamiana
	26.0% EPA

	Microalgae

	Nannochloropsis sp.
	23.4% EPA

	Pinguiococcus pyrenoidosus
	20.83% EPA

	Pavlova lutheri
	27.7% EPA

	Isochrysis galbana
	28.0% EPA, 9.6% DHA

	Cryptothecodinium cohnii
	19.9% DHA


[bookmark: _Ref38652633][bookmark: _Toc38667871]Table 1.3 Comparison of different sources of omega 3 fatty acids.
Ref: (Adarme-Vega et al., 2012)
As the primary producers of omega 3 fatty acids in the aquatic ecosystem, commercial production of these fatty acids using microalgae makes the commercial production more viable and cost effective (Figure 1.3). Moreover, microalgae can grow naturally under autotrophic, heterotrophic or mixotrophic cultivation conditions and microalgae can be grown in non-arable lands with waste water for cultivation and have short harvesting period (Rubio-Rodríguez et al., 2010). Comparison of different sources of omega 3 fatty acids shows that microalgae have higher omega 3 fatty acid productivities compared to other sources (Table 1.3).The development of a suitable and efficient large scale microalgal cultivation system for commercial production of omega 3 fatty acids is very necessary to meet the current global need. 
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[bookmark: _Ref36724272][bookmark: _Toc38188966][bookmark: _Toc38667829]Figure 1.3 Sustainable sources omega 3 fatty acids
[bookmark: _Toc32139219][bookmark: _Toc38186177][bookmark: _Toc38667422][bookmark: _Toc32139217]Microalgal sources of omega 3 fatty acids
Microalgae have the ability to produce various high value metabolites to cope up and survive under different environmental conditions. Many microalgal strains have oil contents of ~10-50% (w/w) with higher amounts of total lipids ranging from ~30-70% of dry cell weight (Ward & Singh, 2005). Fatty acid accumulation is closely related to growth characteristics, availability of nutrients, unfavorable conditions or cell division. Different strains of microalgae have been reported with high content of omega 3 fatty acids. Nannochloropsis, Phaeodactylum, Cryptothecodininum, Thraustochytrium, Schizochytrium etc. have high content of DHA and/or EPA in their cells (Yongmanitchai & Ward, 1991). Nannochloropsis sp. has demonstrated ~40% EPA of total fatty acids (Sukenik, 1991). Schizochytrium and Thraustochytrium have been reported to produce 30-40% DHA among the total fatty acids in heterotrophic mode of cultivation (L. Zhu et al., 2007). A diatom, Phaeodactylum tricornutum, naturally accumulates high levels of EPA (but trace amount of DHA) and is considered as a good source for large scale commercial production. High biomass and higher omega 3 fatty acid productivities can be achieved by using optimized pH, temperature, carbon and nitrogen concentrations. 
Heterotrophic fermentation of the marine alga, Schizochytrium sp. gives DHA rich algal oil. It neither produces any toxic chemicals nor is it pathogenic, thus it is commercially exploited for the production of omega 3 fatty acids. Among the other marine microalgae Crypthecodinium cohnii is the prolific producer of DHA. Since it produces only DHA, and no other PUFAs in its lipid content makes easy separation of DHA.  Martek Corporation in Maryland, USA has developed a technique for the mass cultivation of C. cohnii for commercial edible oil containing DHA. They had developed a  GMP process utilizing a wild type C. cohnii growing on glucose as the main carbon source to produce single cell oil (DHASCO) with a DHA content of above 40% (Kyle, 1996). Single cell edible oil containing DHA can be used in infant formulas and baby foods, pharmaceutical products and dietary supplements. As C. cohnii is non-photosynthetic organism has the potential as model organism (genetic and biochemical tool) for the characterization of the enzymes involved in the production of 22:6ω-3. C. cohnii possesses all the enzymes necessary for de-novo synthesis of 22:6ω-3 thus becomes an ideal candidate for engineering of the fatty acid elongation and saturation metabolic pathways (Henderson & Mackinlay, 1991). Nannochloropsis is regarded as a potential alga for industrial uses because of its ability to accumulate high content of PUFAs. It is used as both food for humans and animals. EPA content of Nannochloropsis is highly influenced by the culturing conditions.
[bookmark: _Toc38186178][bookmark: _Toc38667423]Biosynthesis of omega 3 fatty acids in microalgae
Humans and animals lack the enzymes necessary for the synthesis of essential omega 3 and omega 6 fatty acids (Δ12 desaturase and Δ15 desaturase enzymes). Since they are not capable of synthesizing long chain omega poly unsaturated fatty acids, it must obtain through diet, hence the name essential fatty acids. Animals and humans acquire DHA and EPA either through the bioconversion of ALA (C18:3), or through the consumption of omega 3 fatty acid rich foods(Innis, 2003). De novo synthesis of LC-PUFAs in microalgae occurs through two pathways. An aerobic pathway involving sequential addition of double bonds to saturated fatty acids C16:0 and C18:0 with the help of omega 6 desaturases to produce linolenic acid (LA, C18: 2, omega 6), which is further converted to ALA by omega 3 desaturases (Guschina & Harwood, 2006). An array of desaturases helps to insert the double bond between Δ9 bond in the carboxyl end and elongases helps in the conversion of ALA to EPA and DHA (Figure 1.4). 
But PUFAs like C16:4 and C18:5 (omega 3) which is abundant in some classes of microalgae do not follow conventional fatty acid synthesis pathway (Metherel & Bazinet, 2019). Recently scientists have reported that PUFA can be synthesized through a novel anaerobic pathway involving a Polyketide synthase enzyme complex (PKS) (Metz et al., 2001). The PKS pathway involves six enzyme protein complexes: 3-ketoacyl synthase (KS), 3-ketoacyl ACP reductase (KR), dehydrase (DH), enoyl reductase (ER) and isomerase and consists of a sequence of steps adding C2 units and double bonds. PKS pathway inserts double bonds to nascent acyl chains whereas the aerobic desaturases pathway inserts double bonds into intact acyl chain.
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[bookmark: _Ref36717159][bookmark: _Toc38188967][bookmark: _Toc38667830]Figure 1.4 Fatty acid synthesis pathway
[bookmark: _Toc38186179][bookmark: _Toc38667424]Induction of omega 3 fatty acid production in microalgae
Microalgal metabolite induction can be achieved by changing the growth conditions or through the modification of nutrient composition. Increased accumulation of starch or lipids can be correlated with microalgal survivor mechanism in response to different stress conditions such as temperature, pH, UV radiation or nutrient limitation (S. C. Singh et al., 2002). During stress conditions or nutrient limitation, microalgal growth will shift towards the accumulation of high energy rich compounds like lipids and unsaturated fatty acids (Savchenko et al., 2017). Omega 3 fatty acid production can be increased by modification of nutrient conditions and environ mental stresses like light intensity, temperature, pH and UV radiation (Table 1.4). 
[bookmark: _Toc38667425]Light intensity
Light intensity is considered as one of the most important parameters for microalgal growth and biomass production (Sang et al., 2012). Apart from growth aspects, sufficient light intensity is required for photosynthesis to generate ATP and NADPH for the production of metabolites necessary for growth (S. P. Singh & Singh, 2015). Light intensity increases the growth and biomass production of microalgae up to a specific point after that it leads to photo inhibition. Insufficient light intensity decreases the growth of microalgae. Stress conditions with low or high light intensity leads to decrease in biomass production (Wijffels et al., 2010). Lipid and fatty acid production also depend on the level of light intensity (Guihéneuf et al., 2008). But the production of polyunsaturated fatty acids and lipids on different light intensities are species specific. In some species low light intensity increased the production of EPA while high light intensities induced the production of DHA (Thompson et al., 1990). PUFA levels found to be increased at low light intensities in order to adapt the low light stress by increasing PUFA synthesis (Khotimchenko & Yakovleva, 2005).
[bookmark: _Toc38667426]Temperature
Temperature has a major role on growth, lipid accumulation and fatty acid production in microalgae. During low temperatures, PUFA content was found to be increased in order to overcome the low temperature stress and maintain the cell membrane fluidity. Similar results were observed in Phaeodactylum tricornutum, in which a significant increase in EPA content was observed at 10ºC (Jiang & Gao, 2004). Low temperature treatments resulted in higher EPA and PUFA production in microalgae, with a significant reduction in growth rate and biomass production. However, there is a variation in temperature required for growth from species to species with no overall consistent correlation between temperature and the number of double bonds in fatty acids. Therefore, highest overall production yields of PUFAs and omega 3 fatty acids cannot be achieved at lower temperatures.
[bookmark: _Toc38667427]Nutrient stress
Nitrogen, phosphorous and sulfur are very essential nutrients for the growth of microalgal cells. Yang et al., (2018) reported that nitrogen deficiency and phosphorous deficiency will inhibit the microalgal growth and cell division (Yang et al., 2018). Micronutrients like Cu and Zn which is required in small amounts have a strong impact on microalgal growth because they mediate and control many enzymatic activities in the cell (Yang et al., 2018). Studies conducted by Yongmanitchai and Ward in 1991 reported that increasing concentrations of urea and nitrogen increases the accumulation of EPA in Phaeodactylum tricornutum (Yongmanitchai & Ward, 1991). Lack of nitrogen source in the culture media affects microalgal growth and other biosynthetic pathways and the microalgal metabolism will shift towards lipid accumulation (Burrows et al., 2012). Nitrogen depletion has resulted highest EPA productivity in N. oceanica IMET 1. Nitrogen starvation increased EPA and Triacyl glycerol (TAG) production in N. gaditana cultivated for 14 days (Janssen et al., 2019).
[bookmark: _Toc38667428]UV radiation
UV radiation causes damaging effects on different enzymatic and biochemical pathways including the fatty acid synthesis of microalgae (Liang et al., 2006a). Numerous studies have been conducted to analyze the effect of UV radiation in microalgae; however, the results were often contradictory. Goes et al., (1994) reported that exposure of microalgae to UV-B radiation increase the levels of saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs) with a significant decrease in polyunsaturated fatty acids (PUFAs) (Goes et al., 1994). Studies conducted by Sundback et al., (1997) reported that exposure to UV-B radiation did not evoke any significant changes in the fatty acid composition in marine benthic diatom (Sundbäck et al., 1997). Skerratt et al., (1998) observed enhanced levels of PUFAs on UV-B radiation exposure (Skerratt et al., 1998). EPA content in P.tricornutum increased up to 19.84% when exposed to UV light (Liang et al., 2006b). Stress induction due to exposure of UV radiation causes the formation of antioxidants in microalgae which could be the reason for enhanced PUFA synthesis. 
[bookmark: _Toc38667429]Reactive oxygen species (ROS) and antioxidants
Alleviation of Reactive oxygen species (ROS) generation and lipid peroxidation can also cause increase in omega 3 fatty acid production in microalgae. Zhang et al., in 2018 reported that over expression of superoxide dismutase (SOD) gene in Schizochytrium sp. has significantly increased the PUFA content by 32.9% (Zhang et al., 2018).  Addition of antioxidants has also used to increase omega 3 fatty acid and PUFA synthesis in microalgae. For example DHA productivity in Schizochytrium sp. and Crypthecodinium cohnii has increased after treatment with antioxidants ascorbic acid and sesamol (Liu et al., 2015). 
[bookmark: _Toc38667430]Genetic engineering
Currently biosynthesis of fatty acids in microalgae are not extensively studied and most of the information has been acquired from studies on plant metabolism. Researchers has been made efforts to produce recombinant sources of omega 3 fatty acids in different systems, but the success rate was very less (Amiri‐Jami & Griffiths, 2010). Recombinant Canola seeds were produced by over expressing the Δ15 desaturase from Brassica napus to synthesize omega 3 fatty acids (Barclay et al., 1994). In future it could be possible to increase the production of omega 3 fatty acids in microalgae by regulating the expression of enzymes involved in fatty acid synthesis. Another possible mechanism to increase the productivity can be the inhibition of PUFA degradation in peroxisomes during β-oxidation. However, the exact mechanism of PUFA synthesis in microalgae is still at early stages of research.
	Microalgae
	%EPA/DHA production
	Method
	Reference

	Pavlova lutheri
	27.7% EPA+DHA
	CO2 and Light intensity
	(Carvalho & Malcata, 2005)

	Pavlova lutheri
	41.5% EPA+DHA
	Light intensity and carbon source
	(Guihéneuf et al., 2009)

	Isochrysis galbana
	28.0 EPA+DHA
	Light intensity
	(Yago et al., 2010)

	Pinguiococcus pyrenoidosus
	22.03 EPA+DHA
	Temperature, salinity, light intensity and pH
	(Sang et al., 2012)

	Nannochloropsis salina
	23.4 EPA
	Light and temperature
	(Van Wagenen et al., 2012)


[bookmark: _Ref38652880][bookmark: _Toc38667872]Table 1.4 Current strategies applied for the production of omega 3 fatty acids
The major drawbacks associated with these methods are lower biomass and product yield with high operational cost in large scale cultivation systems. In this scenario, developing a cost effective and efficient large-scale cultivation system for the commercial production of EPA and DHA would address a significant global demand.
[bookmark: _Toc38667431]Plant Growth Regulators (PGRs)
Plant growth regulators (plant hormones or phytohormones) are natural or synthetic chemical messengers involved in plant growth and development and act as stimulators of cellular events such as cell growth, cell division, lipid and fatty acid metabolism. Plant hormones play an active role in its life and metabolism (Table 1.5) (Williams, 2011).
Microalgae as primitive eukaryotic plant cells have aclose evolutionary relationship with plants and were often used for the production of high-value products. Higher plants and microalgae produce identical phytohormones using similar and relatively conserved biosynthetic pathways which often make researchers to raise the question whether the higher phytohormones biosynthetic pathways were originated from microalgae. The possible explanation is their evolutionary relationship, microalgae being the primitive eukaryotic plants (Davies, 2012). Auxin, CKs, ABA and ET are structurally highly conserved in algae, bacteria, fungi, mosses, ferns and seed plants. These phytohormones had evolved to act as signaling molecules to regulate the physiology in bacteria including cyanobacteria (Davies, 2012).

	Hormone
	Physiological effects

	Auxin
	Control of cellular elongation, differentiation of vascular tissue, prevention of abscission, apical dominance, phototropism, gravitropism, control of ethylene release, fruit development

	Cytokinins (CK)
	Cell division, senescence, dormancy of seeds and buds 

	Gibberellins (GA)
	Seed germination, stem elongation, growth of pollen tube

	Brassinosteroids (BR)
	Elongation, flowering, cell division, tropic curvature

	Salicylic acid
	Activate genes involved in plants defense mechanism

	Jasmonic acid
	Response to environmental stresses, control of seed germination

	Ethylene 
	Fruit ripening, control of abscission


[bookmark: _Ref38653026][bookmark: _Toc38667873]Table 1.5 Major functions of plant hormones
PGRs also have an important role in regulating physiological processes such as germination, rooting, growth, flowering, fruit ripening, foliage and senescence of crop plants. Among the different PGRs, Auxin is an active ingredient in the rooting mixtures, which helps the vegetative propagation of plants. Moreover, auxins are applied exogenously to unpollinated flowers to enhance fruit development in horticultural plants (Ozga & Reinecke, 2003).

Scheme 1.2 Rationale for the selection of PGRs
Different classes of Gibberellins are widely used to induce fruit set in horticultural crops and exogenous applications of GA inhibitors prevent fruit growth (Serrani et al., 2008). Ethylene is a most commonly used agent in fruit ripening at commercial scale. Hence PGRs are widely used in agricultural sector to improve the quality of crop plants and for food applications. Therefore, PGRs can be used as environmentally friendly agents for targeted metabolite synthesis in higher plants and in edible microalgae which improves the nutraceutical properties as well as food and feed applications.
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[bookmark: _Toc38188968][bookmark: _Toc38667831]Figure 1.5 Advantages of PGRs in large scale cultivation
Different classes of auxins like Indole-3-acetic acid (IAA), Indole-3-butyric acid (IBA), Indole-3-acetamide (IAM) and Indole-3-propionic acid (IPA) were discovered in 46 species of microalgae. Auxins have an important role in microalgal growth, metabolism and high value metabolite synthesis even in very low concentrations (Kozlova et al., 2017). Growth medium of Chlorella vulgaris supplemented with 50ppm IAA, IBA and IPA was increased the growth of microalgae (Pratt, 1938). Treatment with IAA resulted in 1.9 fold increase in growth of Scenedesmus obliquus compared with control (Salama et al., 2014). Indole-3 acetic acid (IAA) is a natural auxin which activates plasmalemmal H+ ATPase and promotes growth by elongation (Tarakhovskaya et al., 2007). This is achieved by increasing water intake, increasing cell wall plasticity, altering respiratory patterns and by altering nucleic acid metabolism (Woodward & Bartel, 2005). Czerpak and Bajguz (1994) reported that total content of carotenes in C. pyrenoidosa was increased significantly by IAA supplementation (Czerpak et al., 1994). Similarly, Brannon and Bartsch investigated the impact of various natural and synthetic auxins on the growth of C.vulgaris (Brannon & Bartsch, 1939). They showed that natural auxin phenyl acetic acid increased the growth in C.vulgaris. Similar reports are published by Piotrowska and Niczyporuk in 2014 (Piotrowska-Niczyporuk & Bajguz, 2014). Exogenously applied auxins act on a dose-dependent manner in microalgal species. Higher concentration of IAA reduced cell division of C.pyrenoidosa (Vance, 1987).  Salama et al., (2014) reported 2.5 fold increase in PUFA content when treated with IAA and diethyl amino ethyl hexanoate (Salama et al., 2014). Studies conducted by Jusoh et al in 2015 reported that IAA treatment significantly reduced PUFA content in the early stationary phase and promotes PUFA production in the late stationary phase (Jusoh et al., 2015b). 
Cytokinins are organic substances with quinine structure present in both plants and animals. Kinetin (KIN), 6-benzyladenine and zeatin are the most common naturally occurring cytokinins and are mainly found in young tissues of plants. Cytokinins are mainly involved in cell division, shoot formation, delays aging, transfer of carbohydrates, breakage of dormancy and inhibit the growth of terminal shoots. Recent studies report that cytokinins play a major role in microalgal growth and metabolism including the stimulation of growth processes, induction of cell division and enhancement of photosynthetic activity. During unfavorable conditions, cytokinins protect microalgal physiological activities specifically photosynthesis (Romanenko et al., 2015). Cytokinins promote the growth and photosynthetic activity of C.vulgaris and Dunaliella salina (Mousavi et al., 2016; Piotrowska & Czerpak, 2009). In Gracilaria caudate treatment with cytokinin have a stimulatory effect on pigment production but no significant effect on growth (Souza & Yokoya, 2016). Treatment with synthetic cytokinins does not change pigment content but enhanced the growth of Chlamydomonas reinhardtii (Tian et al., 2006). Cytokinins also promote high value metabolite accumulation in microalgae. Kinetin treatment has increased lipid productivity in Acutodesmesmus obliquus (Renuka et al., 2017). In C.pyrenoidosa, treatment with kinetin and BAP resulted in a significant increase in alpha linolenic acid production (ALA) (Kokkiligadda et al., 2017). Similarly, 1ppm concentration of kinetin also promoted ALA production in C. protothecoides.
Gibberellins (GA) are a class of diterpenoid carboxylic acids and are biologically active compounds. They are widely distributed through plant kingdom. Gibberellins are also produced by some fungi and bacteria (Urbanová et al., 2012). Gibberellins play a fundamental role in many physiological processes throughout the whole plant life cycle. They are involved in the induction of seed germination, hypocotyl elongation, flower initiation, stem elongation via enhanced cell division and elongation (Oh et al., 2006). They are also involved in sex expression and flower organ development. Commercial applications of Gibberellins are parthenocarpic fruit development in the absence of fertilization and delays fruit development(Swain & Singh, 2005). In agricultural industries, Gibberellins are used as enhancers of cell elongation and seed germination in higher plants. Several research works are focused on the effect of Gibberellins on growth and high-value products in microalgae. Johnston (1963) reported the growth promoting and growth inhibiting the activity of Gibberellins on a mixed population of phytoplanktons (Johnston, 1963). Reports are also available on the effect of Gibberellins on cell size (Gonai et al., 2004). There is little or scarce evidence for the actions of Gibberellins beyond those in higher plants. Gibberellin was found to increase the growth of Chlorella vulgaris and have a positive effect on proteins, monosaccharides, chlorophyll a and b and total carotenoids (Falkowska et al., 2011). It also accelerates the growth of Chlamydomonas reinhardtii for biofuel production. Xin-junyu et al., 2016 reported the positive effect of Gibberellins on growth and DHA production of marine microorganism Aurantiochytrium sp.(Yu et al., 2016). 
Methyl Jasmonate (methyl ester of Jasmonic acid, MeJA) and Salicylic acid (SA) are key signaling molecules, known for their roles during development, stress and defense responses in plants (Moons et al., 1997). MeJA and SA mediate the activation of signal transduction pathways in response to different types of abiotic and biotic stresses in plants. Jasmonic acid (JA) and MeJA are derived as a byproduct of fatty acid metabolism (Küpper et al., 2009). JA biosynthesis starts from the precursor molecule linolenic acid released from the plant membranes. JA and MeJA are important signaling molecules in fertility, senescence, stress tolerance, sex determination, reproductive development, fruit ripening, storage organ formation, root elongation and oxidative defense mechanisms (Creelman & Mullet, 1997). Moreover, these molecules are also involved in the chlorosis, germination of dormant seeds, up regulation of antioxidant enzymes, accumulation of proteins, systemic resistance, allelopathy, nectar synthesis and act as elicitors of secondary metabolite synthesis in plants (Creelman & Mullet, 1997; Soares et al., 2016). However, the occurrence and activity of JA and MeJA in microalgae is limited. Although, the presence of JA was identified in Chlorella, Spirulina, Scenedesmus, Euglena and Gelidium (Christov et al., 2001), its physiological relevance is not clearly understood. Salicylic acid is a phenolic compound synthesized from phenyl alanines and as a product of isochorismate pathway. SA has been reported as a signaling molecule in plants as a response to heavy metal tolerance, osmotic stress, drought, heat and chilling (Belkhadi et al., 2010). SA also regulates the vegetative growth, photosynthesis, seed germination, flower production, respiration, senescence and seed production (Rivas-San Vicente & Plasencia, 2011). SA also contributes in maintaining the regulation of antioxidant activity and induction of alternative respiratory pathway (Moore et al., 2002). Jusoh et al (2015) reported that Jasmonic acid added at early stationary phase promoted microalgal growth and lipid production. Application of JA also increased saturated fatty acid (SFA) and monounsaturated fatty acid (MUFA) production in Chlorella vulgaris (Jusoh et al., 2015a). Czerpak et al (2006) reported the involvement of MeJA and SA on growth, photosynthetic pigments, carbohydrates and soluble protein content of C.vulgaris (Czerpak et al., 2006). In two fresh water Chlorella sp. different concentrations of ABA, SA and MeJA act as effective promoters for lipid production (Wu et al., 2018). 
[bookmark: _Toc38186180][bookmark: _Toc38667432]Statistical tools for media optimization
Optimization of media components is very necessary to increase the yield and quality of a specific product or high value metabolite used in food, pharmaceutical and chemical industries. It is also necessary to understand the role of selected factors and their levels in the metabolite production by industrially important strains but only limited knowledge is available about the same. The main objective of our study is to develop an optimized medium for the production of omega 3 fatty acids using PGRs. In order to enhance the productivity, it is very important to know about the nutritional requirements for the growth of microalgae. Hence during medium optimization, it is important to obtain a minimal growth of microalgae for obtaining maximum production of omega 3 fatty acids. Initially we had investigated the effect of individual PGRs on microalgal growth and omega 3 fatty acid productions. It becomes necessary to maximize the efficiency of the process and reduce the production cost to compete efficiently against the drawbacks of the traditional methods used for omega 3 fatty acid productions. 
[bookmark: _Toc38186181][bookmark: _Toc38667433]One-factor-at-a-time (OFAT)
The traditional media optimization technique, one-factor-at-a-time (OFAT) experiments, uses only one factor at a time keeping the other factors constant. The concentration of a specific media component were changed over a particular range. OFAT has been mostly preferred by researchers for developing the media composition during the initial steps of media development for the production of a new metabolite or compound from a new source.  Different approaches are used in OFAT for media development. Media components will be removed from the cultivation medium one by one and their effects on the production of a specific metabolite will be studied. In another approach the effects of various nutrient supplements will be studied on metabolite production. Replacement of carbon or nitrogen sources with other sources for desired metabolite production will also be used in OFAT approach (Singh et al., 2017). OFAT experiments can also be used to study the effect of physical parameters like temperature, pH, aeration and agitation on metabolite production (Niwas et al., 2013). The major disadvantage of OFAT is the difficulty in finding out the interactions of the factors used in the experiments because it is a hit and miss scattershot sequence of experiments (Gupte & Kulkarni, 2003). OFAT also has problems like time consumption and the cost involved in the analysis of large number of factors.  There are also chances of missing the optimum point sometimes and furthermore it require large number of experiments which become laborious, time consuming and uneconomical (Gupte & Kulkarni, 2003). Moreover, computational analysis leads to the prediction of data in the areas not directly covered in the experiment. 
[bookmark: _Toc38186182][bookmark: _Toc38667434]Design of experiments (DOE)
Design of experiments (DOE) is an effective statistical method used for the optimization of media components to beat the downside of the traditional OFAT method. DOE can be considered as an efficient tool for the optimization of high value metabolite production. A basic theory of experimental design was proposed by Fisher in 1992 which explains that changing more than one factor at a time in the medium can be more efficient than OFAT (Fisher, 1992). In DOE the experiments are strategically planned in a proper manner and executed to obtain larger quantity of data about the effect of more than one factor at a time on the product formation. In statistical method, different media components are compared simultaneously and the results were ranked according to the results and the statistical performance parameters were produced using subsequent analysis. In comparison with OFAT, DOE requires lesser number of experiments in less time with minimum material to achieve the same amount of information (Adinarayana & Ellaiah, 2002). The main advantage of DOE is that the interaction between the variables can be analyzed more systematically (Haaland, 1989). 
[bookmark: _Toc38667435]Plackett-Burman design (PBD)
Plackett-Burman experimental design (PBD) was developed in 1946 by Robin L. Plackett and J.P. Burman as an efficient screening method to investigate the dependence of some measured quantity on a number of independent variables using a limited number of experiments.  The PBD is a type of two level fractional factorial screening experiments for studying N-1 variables using N runs, where N is the multiple of 4, which denotes an 8 experiment design can study the effect of not more than 7 factors and a 12 experiment design can study the effect of up to 11 factors and so on. In PBD, two types of variable are used that is “real variables” whose concentration changes during experiment and “dummy variables” whose concentration is kept constant and is mainly used to calculate the error occurred during the experiment.  PBD uses utilizes two level for each variable, the higher level denoted as “+” and the lower level is indicated by “-“. In PBD, main effects have cofounded relationship with two factor interactions and the main effects are aliased with two-way interactions. Therefore, these experiments are mainly used to study the main effects when the two-way interactions are negligible when compared with the few important main effects. Applications of PBD often found to screen for the important factors that influence process output measures or product quality. 
The effect of each factor is estimated using the following equation:

Ex1	= Effect of variable
Yx1H	= Yield from the trials having high concentration of variable
Yx1L	= Yield from the trials having low concentration of variable
N	= Total number of trials
The significance level of the effect of each variable is calculated using Analysis of variance (ANOVA). The variables with confidence levels greater than 95-99% will be considered to influence the product yield significantly. PBD is a very efficient and authentic approach to quantify the relative importance of different variables for specific product accumulation with less number of experiments (Adinarayana & Ellaiah, 2002). In PBD the interaction effect of the variables will not be considered and the variables that actually affect the product formation will come in play. Reddy et al., 2015 reported the effect of light intensity, pH, temperature and selected media components on the growth of cyanobacteria Anabaena to enhance biomass production using PBD (Reddy et al., 2015). Media optimization using PBD increased the protein, carbohydrate, vitamin and antioxidant content in N. oculata (El-Sheekh et al., 2016). The major disadvantage of PBD is it can only be used when the variables have no interactions or have only cumulative effects on the product formation, otherwise the results of the variable studied will be enhanced or masked by other variables and the design will fail to interpret if the effect of one factor is dependent on other factor (Singh et al., 2017). In DOE, PBD can be considered as screening experiment because it helps to screen out the non-significant factors for the product yield. 
[bookmark: _Toc38667436]Response surface methodology (RSM)
RSM is a collection of statistical and mathematical tools which is widely used for the designing of experiments, building models, determining optimum conditions of several factors influencing a mechanism or a system. It is developed by Box and Wilson in 1951 which uses factorial designs to optimize the production processes of specific metabolites. RSM is an efficient, sturdy and robust mathematical approach which includes statistical experimental designs and multiple regression analysis for making suitable media formulations under a set of constrained equations (Singh et al., 2017). RSM can be used in the screening key factors rapidly from multiple factors which can overcome the defects in single factor optimization. Azma et al., in 2011 used RSM to optimize the biomass production of microalgae Tetraselmis (Azma et al., 2011). Composition of the growth medium of Chlorella sp. PKUAC 102 was optimized using RSM and the optimized growth conditions were successfully used in fermenter for biodiesel production (Jia et al., 2014). Hallenbeck et al., in 2015 has used RSM to study the influence of light intensity, inoculums size and carbon dioxide to maximize biomass and total lipid production of N. gaditana (Hallenbeck et al., 2015). 
The research using RSM and PGRs along with microalgal cultivation medium for improving the production of biomass and omega 3 fatty acid productions is not reported. Omega 3 fatty acids being nutraceutically important compounds, it is imperative to optimize the media for its commercial production. By using RSM the number of experiments can be reduced to evaluate the effect of different variables and their interactions. RSM is an effective tool for investigating the factors affecting specific responses when there are different factors and interactions were in the model (Yin et al., 2011). RSM can be done in three basic steps, i.e., screening of the factors followed by path of the steepest ascent/descent and the final step is fitting the model in a quadratic regression model and the model is fitted and optimized using canonical regression analysis (Gupte & Kulkarni, 2003). In RSM product yield can be represented as a surface plot, which can provide multiple responses at a single time by varying the interactions between the factors (Jian Zhang & Gao, 2007). A first order or a second order model is used for the optimization in most of the cases and among the two a second order model is commonly used for being flexible, easy and work well in solving the real surface response problems.
For the case of two variables, the second order model is: -

η		= estimated response
β0	= constant
β1, β2, β11, β12, β22 = coefficients of each term
x1, x2, x3	= independent variables
[bookmark: _Toc38667437]Central composite design (CCD)
Central composite design (CCD) is an important class of second order design which was first described by Box and Wilson in 1951. It is commonly used in RSM constructing a second order (quadratic) design for the response variables without using a three-level factorial experiment. It can be easily developed by supplying the fractional factorial design which can be used for calculating the order model. CCD can be used for the identification of levels of different variables and their interrelation with each other (Lee & Chen, 1997). It is a well-established and most commonly method for the optimization of medium by determining the main factors from a large number of medium components by using less number of experiments. CCD has 3 groups of design points:
a) Two level factorial design points with all possible combinations of the +1 and -1 levels of the variables
b) Design with axial points or star points (outside the core) originate from the centre point, with all except one of the factors set to zero. The coded levels will be represented as –α or + α
c) Design with centre points with all levels set as coded levels of 1 and 0 (midpoint) to get an estimate of the experimental error. (Stat-Ease., 2011)
Based on the set of experiments and level of factors CCD are of three types: Circumcentred CCD, Inscribed CCD and Face centered CCD. 
[bookmark: _Toc38186183][bookmark: _Toc38667438]Extraction and purification of omega 3 fatty acids from microalgae
Sometimes the conventional sources of omega 3 fatty acids as such may not be able to give adequate quantities of omega 3 fatty acids for pharmaceutical and nutraceutical applications. Therefore, it is necessary to do concentration and purification of omega 3 fatty acids from their natural sources to achieve sustainable health benefits. For the purification of omega 3 fatty acids physical, chemical and enzymatic methods can be used. The most commonly used techniques include chromatographic techniques, low temperature fractional crystallization, super critical fluid extraction, distillation, enzymatic methods and urea crystallization. 
[bookmark: _Toc38186184][bookmark: _Toc38667439]Chromatographic techniques
The most commonly used chromatographic technique for the separation of omega 3 fatty acids is liquid chromatography (HPLC), Centrifugal partition chromatography (CPC) and argentometric chromatography to obtain products of high purity (Dillon et al., 2013). 
[bookmark: _Toc38667440]High performance liquid chromatography (HPLC)
A preparative reverse phase high performance liquid chromatography using gradient elution with acetonitrile-chloroform and evaporative light scattering detection can be used to separate omega 3 fatty acids from microalgae and fish from small quantities (Mansour, 2005). DHA and EPA were separated as methyl esters from the marine dinoflgellate Scrippsiella sp. using this method. The purity of the separated fatty acid methyl esters can be analyzed using electron impact gas chromatography mass spectrometry (EI-GC-MS). The separation is mainly based on the chain length and degree of saturation which aids the separation of methyl esters of similar degree of unsaturation but different chain length. Moreover, in this technique the PUFA methyl esters were eluted out earlier than the more saturated PUFAs with the same chain length (Bonilla-Méndez & Hoyos-Concha, 2018).
[bookmark: _Toc38667441]Centrifugal partition chromatography (CPC)
In centrifugal partition chromatography (CPC), the separation depends on the principle of liquid partition of compounds. In CPC, due to the high centrifugal force, the liquid phase stays in the rotor and the other one is the mobile phase (Bonilla-Méndez & Hoyos-Concha, 2018). It can be used for the concentration and purification of PUFAs from their natural sources.  In CPC, the volume ratio of the stationary phase to the total column volume is higher than the conventional liquid chromatographic techniques. Therefore, higher volumes of samples can be retained in the stationary phase.  Wanasundara and Fedec in 2002 has developed a method to purify DHA from microalgae in lab scale and was able to purify 84.6% DHA compared to the starting oil (39.7%). Hexane-methanol-water in a normal phase ascending mode was used as the mobile phase (Wanasundara & Fedec, 2002). Bousquet and Goffic (1995) have used CPC for the separation of higher yields of DHA and EPA from microalgal oil using heptanes as the stationary phase and acetonitrile as the mobile phase (Bousquet & Le Goffic, 1995).
[bookmark: _Toc38667442]Argentometric chromatography
Argentometric chromatography is a technique used for the separation of fatty acids mainly based on the degree of unsaturation and its ability to form complexes with silver ions (Bonilla-Méndez & Hoyos-Concha, 2018).  Silver nitrate embedded silica gel column was used successfully for the separation 95-98% DHA and 85-96% EPA with yields of 48 and 39% respectively from squid liver oil (Teshima et al., 1978). 
[bookmark: _Toc38186185][bookmark: _Toc38667443]Low temperature fractional crystallization
Low temperature fractional crystallization is a simple and easy method used for the purification and separation of omega 3 fatty acids. This technique employs the changes in melting points of different fatty acids in different solvent systems. Saturated fatty acids with higher melting points easily crystallize out leaving behind the unsaturated fatty acids. One of the major disadvantages of this technique is that the crystallization process becomes more complex if the number and type of fatty acid components in the mixture increases. This needs repeated crystallization and separation process to obtain purified fractions. Low temperature fractional crystallization was applied to separate omega 3 fatty acids from sea blubber oil using solvents like hexane and acetone at different temperatures. Omega 3 fatty acids content in the non-crystalline fraction was found to be higher in lower crystallization temperatures. The suitable solvent for low temperature fractional crystallization was found to be acetone at all tested temperatures (Wanasundara, 2001). 
[bookmark: _Toc38186186][bookmark: _Toc38667444]Supercritical fluid extraction
Supercritical fluid extraction is a commonly used novel technique which is widely applied in food and pharmaceutical industries (Shahidi, 2006). Supercritical fluids have the ability to extract a specific compound from a mixture by altering the temperature and pressure without any phase change (Bonilla-Méndez & Hoyos-Concha, 2018). This technique minimizes the auto oxidation of fatty acids. Supercritical fluid extraction involves CO2 for the reaction because of its inert and non-flammable properties. Moreover, CO2 is inexpensive, non-toxic, environmentally acceptable, safe, and completely recoverable which require a moderate temperature and pressure for the reaction to occur. The fatty acids were separated on the basis of their chain length and are suitable for low levels of long chain fatty acids. Supercritical fluid extraction has been used for the concentration of omega 3 fatty acid from a mixture of fish oil using CO2 as a supercritical fluid under different pressure and CO2 fluxes for the purification of DHA (Perretti et al., 2007). 
[bookmark: _Toc38186187][bookmark: _Toc38667445]Distillation
Distillation is a simple technique used for the separation of omega 3 fatty acids from a mixture using ultra low pressure. The separation depends on the boiling point and molecular weight of the fatty acids in low pressure ranging from 0.1-1.00 mmHg and high temperature ranging from 180-250°C.  It is often called as molecular ‘distillation’ or short path ‘distillation’ and have high selectivity for the long chain fatty acids. One of the major disadvantages of molecular distillation is the high operational cost due to the high operating temperatures and low pressures.  It is commonly used for the separation of EPA and DHA from fish oil. 
[bookmark: _Toc38186188][bookmark: _Toc38667446]Enzymatic methods
Enzymatic methods have been used to overcome the drawbacks of physical and chemical separation techniques (Senanayake & Shahidi, 2006). Lipases are the most commonly used enzymes for the purification of omega 3 fatty acids which work under mild conditions of temperature and pH. Lipases catalyzes the hydrolysis, esterification, acidolysis, alcoholysis and interesterification (Senanayake & Shahidi, 2006). In food industry, lipases have been used to alter the structure and composition of foods. Different microbial lipases were used for the concentration of omega 3 fatty acids from seal blubber oil and menhaden oil (Shahidi & Wanasundara, 1998). Enzymatic selective esterification was used for the enrichment of PUFA from sardine cannery effluents 
[bookmark: _Toc38186189][bookmark: _Toc38667447]Urea complexation
Urea complexation technique is regarded as one of the simple and most efficient method for the purification of omega 3 fatty acids. Urea molecules have the ability to form solid phase complexes with saturated fatty acids because of its smaller size excluding the PUFA and other branched chain fatty acids which can be easily separated. Urea complexation can be considered as the most effective method for the purification of omega 3 fatty acids because large quantities of samples can be handled in a simple equipment and require milder reaction conditions and inexpensive solvents. The concentration and purification are more efficient than fractional crystallization, supercritical fluid extraction or selective solvent extraction (Medina et al., 1995). Urea complexation has the potential to prevent auto oxidation of omega 3 fatty acids. 
The process involves the extraction of triacyl glycerol (TAG) and their transesterification using methanol and sulphuric acid. The fatty acid methyl esters will then be mixed with an alcoholic solution of urea for complex formation. In this process urea form solid phase complexes with saturated and monounsaturated fatty acids and can be crystallize out on cooling and can be removed by filtration or centrifugation. The remaining liquid fraction contains high proportions of omega 3 fatty acids. Crystallization temperature plays an important role in this process and it is mainly dependent on the type of fatty acids to be purified. Since the process involves mild operational conditions and environmentally friendly chemicals such as free fatty acids, urea, ethanol and water which are considered as GRAS (generally recognized as safe) by the US FDA (Food and Drug Administration) and the entire process can be considered as ecofriendly. For obtaining highly purified omega 3 fatty acids, urea complexation can be used in combination with other purification techniques like low temperature crystallization, molecular distillation etc. 
Urea complexation has been used to purify DHA from the total lipid of microalga C. cohnii and obtained DHA enrichment from 47.4 to 97.1 when compared with the original algal oil (Senanayake & Shahidi, 2006).  Haagsma et al., (1982) used urea crystallization method for the enrichment of DHA and EPA from cod liver oil (Haagsma et al., 1982). Wanasundara and Shahidi (1999) had optimized the conditions for urea crystallization and concentrated 88.2% omega 3 fatty acids with a urea/fatty acid ratio of 4.5, at a crystallization temperature of -10°C and crystallization time of 24 hours (Shahidi & Wanasundara, 1998). 
[bookmark: _Toc38186190][bookmark: _Toc38667448]Omega 3 fatty acids and enriched microalgae as a preventive measure for neurodegenerative diseases
Neurodegenerative diseases (NDDs) are disorders that selectively affect the central nervous system and results in progressive nervous system dysfunction. These are characterized by loss of neuronal cell function and atrophy of the affected nervous system structures, which eventually results in a debilitating and incurable medical condition. Alzheimer's disease (AD) and Parkinson's disease (PD) are the most common form of dementia associated with aged people in the world. As the world’s population is rapidly aging, the number of patients with dementia is expected to reach 65 million by 2030. Given the financial, societal and personal impact of the burden of these diseases, determining causes, prevention and treatment has become a major focus of basic and clinical research.
Alzheimer’s disease (AD) is a complex neurological and pathophysiological disorder associated with cognitive impairment, loss of memory, loss of synapses and neurons, neuronal death and ultimately brain damage and cell death. It is first reported by the German psychiatrist and neuropathologist Dr. Alois Alzheimer, who observed abnormal clumps and tangled bundles of protein in the brain of a patient, who suffered memory loss and abnormal behavior (Daviglus et al., 2010). It is the fourth leading cause of death in the USA, with neuropsychiatric symptoms including depression, apathy, agitation, sleep disruption, aggression and psychosis. The risk of occurrence of AD is directly proportional with age, prevalence rates in 65–74-year olds are estimated to be 3%, rising to 19% for 75–85-year olds, and nearly 50% in those aged over 85 (Organization, 2012). AD is a multifactorial disease, with no single cause known, and several modifiable and non-modifiable risk factors are associated with its development and progression. The risk factors include oxidative stress, abnormal amyloid β (Aβ) metabolism, tau hyper phosphorylation, reactive glial and microglial changes, and low levels of acetylcholine, accumulation of metals, obesity and loss of synaptic neurons (Cortes et al., 2015). AD is a critical neurological disorder that affects more than 37 million people worldwide and it creates massive economic and societal burden. Recent reports reveal that the direct and indirect cost of patient care in US is around US$100 billion annually. 
Treatment mainly involves the use of drugs that inhibits Aβ formation and tau proteins, β-secretase and acetylcholine inhibitors (Chon et al., 2016).  Use of drugs that specifically block and prevent Aβ formation, aggregation and disassembly will slow down or stop the progression of AD. Inhibitors and modulators of β-secretase and γ-secretase can also slow down AD progression (Yan & Vassar, 2014). Acetylcholine ester inhibitors are also used in the treatment of AD, but these are not capable reversing the course of AD and not effectively slow down disease progression (Wallace & Bertrand, 2013). Inhibitors of tau hyper phosphorylation, aggregation, microtubule stabilization and anti-tau immunotherapy are different treatment strategies based on tau proteins (Kimura et al., 2014). All of these drugs cause serious side effects like gastrointestinal disorders, nausea, vomiting, dizziness and hepatotoxicity (Ali et al., 2015). Some of the synthetic inhibitors are still under clinical trials and some of these drugs have been dropped from production due to its toxic nature (Vassar, 2014). Another disadvantage of these drugs are that, most of them are developed for single targets.  The disadvantages of multi-targeted drugs are its lowered pharmacological activity in vivo due to its inability to pass through blood brain barrier, toxicity and poor adsorption ability.  
Prevention of neurodegenerative diseases is one of the important things which can reduce the side effects of synthetic drugs. Recently more researchers are focused on microalgae because of its ability to produce different high value metabolites and bioactive compounds. These metabolites have potential neuroprotective and medicinal properties. Microalgae like Synechococcus sp., Chlamydomonas nivalis and Nostoc ellipsosporum are rich sources of antioxidants and have potential antioxidant activities.  C. vulgaris, H. pluvialis, N. oculata, Neochloris oleoabundans, and Chaetoceros calcitrans are reported to have potential free radical scavenging activities (Qi et al., 2005). These activities are mainly correlated with the PUFA, pigment and phenolic contents in microalgae. It has been clinically proven that acetyl cholinesterase (AChE) and butyryl cholinesterase (BChE) are the major therapeutic targets for the management of AD (Grossberg, 2003). Metabolites from Picochlorum sp. and Nannochloropsis sp. Shows inhibitory activities against AChE and BChE.  Anticholinesterase activities of different extracts from microalgae could also be correlated with their pigment contents. PUFAs are reported to have the ability to stimulate transmission in cholinergic neurons (Lauritzen et al., 2000). Deficiency of omega 3 fatty acids in diet can cause early  progression of AD (Igarashi et al., 2012). Diets rich in omega 3 fatty acids helps to maintain  membrane fluidity and protect neurons from oxidative damage (Yehuda et al., 2002). Inhibition of beta secretase enzyme is a crucial step in preventing the accumulation of amyloid beta  (Aβ) neurotoxicity caused by its accumulation (Cole & Vassar, 2007). Therefore, beta secretase enzyme inhibitors have important role in the treatment of AD. Extract from plants and its secondary metabolites are reported to prevent Aβ-mediated neuronal damage in AD model rats (Ban et al., 2006). Several reports have revealed the role of macroalgae extracts and their compounds against β -amyloid aggregation and the decrease in β-secretase activity.  N. oceanica is a unicellular microalga with important biotechnological interest due to is high content of lipids with PUFAs. Extract from N. oceanica can be used to prevent amyloid beta aggregation and progression of AD. The rationale for developing microalgal neuroprotective agents rich in omega 3 fatty acids are based on the established results and experiments in animal models or in in vitro models only. But no such agents have been reported to test in human subjects. N. oceanica extract has the advantages for using in human trials, since it is an edible microalga, currently being served as toppings in the salads the restaurants of Korea and China.
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[bookmark: _Toc32139220][bookmark: _Toc38186191][bookmark: _Toc38667449]Modulation of biomass, lipid production and omega 3 fatty acid synthesis in N. oceanica using PGRs
[bookmark: _Toc32139221][bookmark: _Toc38186192][bookmark: _Toc38667450]Introduction
Plant growth regulators (plant hormones or plant growth regulators) are natural or synthetic chemical messengers involved in plant growth and development and act as stimulators of cellular events such as cell growth, cell division, lipid and fatty acid metabolism (Rubio et al., 2009). Marine microalgae as primitive eukaryotic plant cells have a close evolutionary relationship with plants and were often used for the production of high-value products (Salama et al., 2014). The most important plant growth regulators are Indole-3- acetic acid (IAA), Gibberellic acid (GA), Kinetin (KIN) and Abscisic acid (ABA), Methyl Jasmonate (MeJA) and Salicylic acid (SA). Cytokinins (Trans-zeatin and Kinetin) are a class of plant-specific hormones that play a crucial role in regulating the differentiation and proliferation of plant cells, delay of senescence, transduction of nutritional signals, increased crop productivity control of shoot/root balance and coping with the abiotic stress (Tarakhovskaya et al., 2007). Not many reports can be found on the effect of these exogenous growth regulators on N. oceanica. Yokoya et al., (1999) reported that Cytokinin alone or in combination with Auxins when applied exogenously would enhance the red algal growth and it will also enhance callus formation (Yokoya et al., 1999). Treatment with specific concentrations of MeJA and SA promoted growth, lipid accumulation, pigment production and protein content in N. oceanica CASA CC201. One of the most interesting results from our study is the changes in oleic acid (C18:1) and Eicosapentaenoic acid (EPA, C20:5) content after MeJA and SA treatments. One of the possible mechanisms behind the increase lipid and changes in fatty acid profile after stress hormone treatment could be the generation of Reactive Oxygen Species (ROS) in the cultures treated with MeJA and SA. Reactive Oxygen Species including Hydrogen peroxide (H2O2), Superoxide anions (O2-.) and Hydroxyl free radical (OH-.) can inhibit photosynthesis and can cause damage to DNA, proteins and lipids in plants. In microalgae, ROS plays an important role in the conversion of cell metabolism from carbohydrate storage to lipid synthesis and other cellular components in order to overcome the stress induced damage to cells (Yu et al., 2016). Another possible reason for the increased lipid accumulation could be the production of Indole-3-acetic acid in the medium. Previous studies conducted by Chokshi et al reported that oxidative stress formed by nitrogen starvation promoted Abscisic acid (ABA) and IAA synthesis in microalgae (Chokshi et al., 2015). 
[bookmark: _Toc38186193][bookmark: _Toc38667451]Materials and methods
[bookmark: _Toc38186194][bookmark: _Toc38667452]Microalgal Strain and Culture Conditions
Nannochloropsis oceanica CASA CC201 strain was cultured and maintained in D-Walne’s medium modified by Walne PR (1970). D-Walne’s media was composed of (g/l) FeCl3.6H2O -1.3; MnCl2.4H2O–0.36; H3BO3 – 33.6; EDTA (Disodium salt) – 45.0; NaH2PO4.2H2O – 20.0; NaNO3 – 100.0; and 1 mL trace metal solution which is composed of (g/100 mL) ZnCl2 – 2.0; CoCl2.6H2O - 2.0; (NH4)6Mo7O24.4H2O – 0.9; CuSO4.5H2O – 2.0. Vitamin solution was composed of (mg/100 mL) vitamin B12 – 10.0; thiamine – 100.0; biotin – 200.0 μg/100 mL. The pH of the culture medium was adjusted to 8.0 ± 0.2 before autoclaving. The culture was maintained in a growth chamber with 14:10-hour light-dark period and temperature 25℃. The flasks were hand shaken twice daily (without sparging of air or CO2 to avoid adherence of the cells to the walls. Inoculation and sampling were done under a Laminar Air Flow (LAF) Chamber (Rotek) in order to maintain sterile conditions.  
[bookmark: _Toc38186195][bookmark: _Toc38667453]Range of PGR concentrations and stock solution preparation
All the experiments were carried out in triplicates using 500mL Erlenmeyer flasks containing 200mL D-Walne’s growth medium with an initial cell density of 3±1x106cells/mL. 
Kinetin, Gibberellic acid (GA) and Indole-3 acetic acid (IAA) were purchased from Sigma-Aldrich. Each plant growth regulator was first dissolved in an appropriate solvent (Kinetin in 1N NaOH, GA in deionized water, IAA in ethanol), and filter sterilized using 0.22μm syringe filters. The concentration working range of Kinetin was 0.215ppm-1.075ppm. (Kinetin selected in lower concentration because higher concentrations of Kinetin showed significant inhibition of growth) and GA and IAA were10ppm–50ppm respectively.  
Methyl Jasmonate (MeJA) and Salicylic Acid (SA) are plant hormones produced during unfavorable conditions in plants. Stock solutions of MeJA and SA (Himedia) were prepared at 5000ppm concentrations using 10% ethanol and autoclaved milliQ water. For MeJA stock solution preparation, warm ethanol and warm milliQ water were used. Each stock solution was added to 200mL D-Walne’s medium to obtain concentrations of 2.5, 5, 10, 20, 40 and 60ppm, which were used for the experiments. Nannochloropsis oceanica CASA CC201 cultivated in D-Walne’s medium without MeJA or SA and added with equal volume of ethanol was used as a control for all the experiments. The flasks were incubated with 14:10 hour light: dark period (73µmol/m2/s) at 25±2°C and were hand shaken twice daily for 21 days. 
[bookmark: _Toc38186196][bookmark: _Toc38667454]Sampling and Analytical methods
[bookmark: _Toc38667455]Algae cell counting
Cell density was determined by taking samples at 3 days’ intervals and counting the cells with Bright Line Haemocytometer (Neubauer counting chamber using Leica microscope (LEICA DM 2000 model). 
[bookmark: _Toc38667456]Assessment of Biomass production
To determine total dry weight, 200 mL culture in stationary phase was taken in a pre-weighed moisture free centrifuge tube from each flask and centrifuged at 10,000rpm for 15 minutes. The supernatant was discarded and the pellet was washed with distilled water for two times. After centrifugation the pellet was freeze dried and lyophilized. Dry weight of the sample was measured by taking the difference between the pre weighed tube and the weight after lyophilization and the results were expressed in mg/L.
[bookmark: _Toc38667457]Extraction of total lipids
Lyophilized algal biomass was suspended in 2-3 mL chloroform: methanol (2:1) and 2 mL sodium chloride was added to each tube for breaking the cell wall and for the release of lipids. The samples were centrifuged at 10000 rpm for 15 minutes, and the lower phase containing total lipids were collected to a pre-weighed 50 mL round bottomed flask. After evaporation, the flasks were weighed again and compared to the previous weight. From this, the weight of the total lipid was calculated. Percentage of oil extraction was calculated using the equation (3) given below:

[bookmark: _Toc38667458]Quantitative analysis of total lipids
TLC analysis
Components of total extracted lipids were separated by Thin Layer Chromatographic method. The samples were spotted on the TLC silica gel plates (50mm x 100 mm size) along with TAG standard. The solvent system used was hexane: diethyl ether: acetic acid in the ratio of 80:20:1 (v/v/v). After drying, the silica plate was kept in a TLC jar containing iodine balls. The individual lipid bands were detectable as yellow bands within five minutes. For the recovery of bands matches to the TAG standard, the corresponding silica gel was scratched out from the plate and centrifuged with chloroform: methanol (2:1 v/v) at 12000 rpm for 15 minutes. The supernatant was collected and kept for Fatty Acid Methyl Ester (FAME) analysis. 
Fatty acid analysis by Gas chromatography
The algal oils were transesterified with methanol before going for gas chromatography. This is done to make the algal oils more volatile and moreover to prevent the acidic attack to the column. Trans-esterification was carried out using 2% H2SO4 in dried methanol and heated at 100°C for 1 hour in a water bath and cooled at 25℃. Then 3mL hexane was added and vortexed for 1 minute. The mixture was then centrifuged at 1000 rpm for 5 minutes. Supernatant was collected, diluted with hexane and filtered. The samples were analyzed using Gas Chromatography Mass Spectroscopy (GC-MS) (Shimadzu QP2020). The capillary column used was stabilwax column (Restek, USA) with 60m length, 0.25mm internal diameter and 0.25µm thickness. The analysis started at 70°C and was increased to 140°C at the rate of 10°C/min and to 240°C at the rate of 3°C/min. After reaching 240°C, the temperature was held stable for 15min before the analysis was terminated. The analysis was performed using NIST 17 mass spectral library and the individual fatty acid was identified based on mass spectrum and retention time.
[bookmark: _Toc38667459]Measurement of ROS and Enzymatic Antioxidant Scavengers
H2O2 content was measured by taking 50 mL samples and harvested by centrifugation at 8000 rpm for 10 minutes. The pellet was taken and harvested by centrifugation at 8000 rpm for 10 minutes. The pellet was taken and sonicated in 0.1% w/v TCA solution for 2 minutes. The extract was centrifuged at 10,000 rpm for 10 minutes. 0.5 mL supernatant was taken and mixed with equal amount of 10 mM phosphate buffer (pH -7.0) and 1 mL of 1M of potassium Iodide. The optical density was measured at 390nm (Velikova et al., 2000). The H2O2 content in the sample was calculated from a standard calibration curve made using known concentrations of H2O2 and expressed in terms of µMol/gFW.
Production of O2.- was determined as described by Liu et al., 2010 with slight modifications (Liu et al., 2010). 50 mL of samples were homogenized in 1 mL of 65 mM potassium phosphate buffer (pH-7.8). The homogenate was centrifuged at 10,000 rpm for 10 minutes. An aliquot of 1 mL supernatant was mixed with 0.9 mL of 65 mM potassium phosphate buffer (pH-7.8) and 0.1 mL oh 10 mM Hydroxyl Ammonium Chloride. The mixture was incubated at 25°C for 20 min. After incubation 1 mL of 17 mM Sulphanillic acid and 1 mL of 7 mM alpha naphthyl amine were added to the mixture and incubated at 25°C for 20 minutes.  After incubation, absorbance was read at 530 nm. A calibration curve plotted with NaNO2 was used to calculate O2.- production from the samples. 
For the measurement of OH- content, 60mL samples were taken and centrifuged at 10000rpm for 10 min. Pellets were homogenized with 2 mL 50mM potassium phosphate buffer (pH-7) and centrifuged at 10000rpm for 5min. After centrifugation 0.5mL supernatant was mixed with equal volume of 50mM potassium phosphate buffer (pH-7) containing 2.5mM of 2-deoxyribose. The mixture was then incubated at 35℃ in dark for 1 hour. After incubation 1 mL of 1% thio-barbituric acid (TBA in 0.05M NaOH) and 1mL of acetic acid was added and boiled for 30 minutes. Then the mixture was cooled immediately on ice. Absorbance was measured at 532nm and the OH- content was expressed as: Absorbance x100/g FW (Zhao et al., 2008). Subsequently, enzymatic antioxidant scavengers like catalase (CAT) activity was analyzed. The activity of these scavengers was determined by using colorimetric assay kits purchased from Sigma Aldrich and Invitrogen (Manufacturer specified protocol was followed). 
[bookmark: _Toc38667460]Analysis of lipid peroxidation
Lipid peroxidation was measured in terms of malondialdehyde (MDA) content in the microalgal cells (Halliwell et al., 1988). 50mL sample was taken and centrifuged at 10000rpm for 10min. the pellet was sonicated in 2mL ethanol: water (80:20 v/v) and centrifuged at 10000rpm for 10min. After centrifugation 1mL supernatant was mixed with equal volume of TBA solution containing 20% (w/v) tri-chloro acetic acid, 0.01% butylated hydroxyl toluene (BHT) and 0.65% TBA. The samples were vortexed for 2 min and incubated at 95℃ for 25 min and rapidly allowed to cool. The samples were further centrifuged at 10000rpm for 10min and absorbance was measured at 450, 532 and 600nm. The MDA content was calculated using the following formula and expressed on a fresh weight basis.
Subsequently, enzymatic antioxidant scavenger, CAT activity was determined using colorimetric assay kits purchased from Invitrogen. 100 mg microalgal biomass was sonicated in 1mL 1X assay buffer (as provided by the manufacturer). After sonication the samples were centrifuged at 10000rpm for 15 minutes at 4°C. Supernatant was collected and immediately used for the assay. Serial dilutions of standards for the assay were prepared according to manufacturer’s instructions. One unit of catalase has the ability to decompose 1μmol of H2O2 per minute. 25μL standard or samples were added to 96 well plates. 25μL H2O2 reagents was added to each well and incubated for 30 minutes at room temperature followed by the addition of 25μL substrate. 25μL 1X horse radish peroxidase solution was added to each well and incubated for 15minutes at room temperature. Absorbance was taken at 560nm. Curve fitting software (Graphpad prism) with a four-parameter algorithm was used to generate the standard curve.
  [image: ]c)

[bookmark: _Toc38667832]Figure 2.1 Standard curve for a) H2O2 b) O2- c) Catalase.
[bookmark: _Toc38667461]Endogenous IAA detection 
Plant IAA ELISA detection kit was purchased from MyBioSource (USA). Cells were dissolved with protein extraction reagent which comprised of 10 mM/L Tris HCl (pH7.4), 0.1 mM/L EDTA, 10 mM/L sucrose and 0.8% NaCl. Cells were lysed by sonication at 30% ampule for 5mins. Samples were centrifuged at 8000 for 10 minutes and supernatant was used for the assay. Plant IAA standard was prepared as 200ng, 100ng, 50ng, 25ng, 12.5ng, 6.25ng, 3.12ng/mL. Samples and plant IAA standard samples were added to corresponding wells (100ul for each well) and kept for incubation at 37°C for 90 minutes. Wells were washed twice with washing buffer. 100µl of prepared biotinylated antibody liquid was added to each well and kept for incubation at 37°C for 60 minutes. Wells were washed three times and 100µl of prepared enzyme conjugate liquid was added to each well (except blank wells) and kept at 37°C for 30 minutes. Wells were washed for five times and 100µl of color reagent liquid (color reagent A: color reagent B (9:1)) was added to each well and kept at 37°C for 30 minutes. 100µl of color reagent C was added and mixed well. Absorbance was read at 450 nm and based on the values standard values were plotted. Endogenous plant IAA level was calculated for unknown samples with respect to standard values.
[bookmark: _Toc38667462]Statistical Analysis
All the experiments were carried out in triplicates, and the results are represented as a mean value with ± standard deviation as error bars in the figures and standard error in tables.
[bookmark: _Toc38186197][bookmark: _Toc38667463]Results
[bookmark: _Toc38186198][bookmark: _Toc38667464]Effect of growth associated PGRs on growth and metabolism of N. oceanica CASA CC201
[bookmark: _Toc38667465]Effect of Kinetin, GA and IAA on growth in terms of cell number
The result of the effect of different concentrations of Kinetin is shown in Figure 2.2. Amongst the various concentrations, 0.215ppm Kinetin showed maximum cell number with an average value of 521 x 106 cells per mL. As the concentration of Kinetin increases, there is a considerable decrease in the cell number. The 1.075ppm concentration of Kinetin gave the lowest cell number with average value 200 x 106 cells per mL. This compares with control, which had an average value of 398 x106 cells per mL. The effectiveness of different concentration of Kinetin can be ranked as 0.215ppm (521 x 106 cells per mL) > 0.43ppm (485 x 106 cells per mL) > 0.645ppm (402 x 106 cells per mL) > control (398 x106 cells per mL) > 0.86ppm (395 x 106 cells per mL) > 1.075ppm (200 x 106 cells per mL). 

[bookmark: _Ref33624488][bookmark: _Toc38188969][bookmark: _Toc38667833]Figure 2.2 The effect of different concentrations of Kinetin (0.215ppm-1.075ppm) and Control (C) on the growth of N. oceanica CASA CC201 expressed as cell number. Sampling was made at 3 days of time intervals.
Different concentration of GA ranging from 10ppm-50ppm shows a considerable decrease in the cell number when compared with control. Effect of GA on the growth of N. oceanica CASA CC 201 is shown in Figure 2.3. When N. oceanica CASA CC 201 cells treated with GA, control shows the highest cell number with an average value of 387.5 x 106 cells per mL. Treatment with 50ppm GA shows the lowest cell number which had an average value of 212 x 106 cells per mL. Here considerable decrease in the growth is observed with the increasing concentration of GA ranging from 10ppm to 50ppm. There was no significant difference in the value of cell number when GA applied in concentration ranges from 10- 50ppm. The value lies in the range of 200 x 106 cells per mL.

[bookmark: _Ref33624734][bookmark: _Toc38188970][bookmark: _Toc38667834]Figure 2.3 The effect of different concentrations of Gibberellin (GA) (10ppm-50ppm) and Control (C) on the growth of N. oceanica CAS CC201 expressed as cell number. Sampling was made at 3 days of time intervals.
The result of effects of different concentration of IAA in terms of IAA is shown in Figure 2.4. In microalgal cells IAA act in a dose-dependent manner. Low concentrations of IAA support maximum cell growth. 10 ppm IAA showed maximum cell number with an average value of 579.5 x 106 cells /mL. 

[bookmark: _Ref33625080][bookmark: _Toc38188971][bookmark: _Toc38667835]Figure 2.4 The effect of different concentrations of IAA (10ppm-50pm) and Control (C) on the growth of N. oceanica CASA CC201 expressed as cell number. Sampling was made at 3 days of time intervals.
As the concentration of IAA increases, there is a significant difference in cell number. Among the different concentration of IAA, 50 ppm concentration of IAA yielded the lowest cell number. This compares with the control (without IAA), which had an average value of 215.5 x 106. As shown in Figure 1, the effect of IAA was not significant in the first 3 days of cultivation, but in control, there is a significant increase in cell number in the first 3 days. In IAA-treated cultures, there is an extended lag phase compared to the control.
[bookmark: _Toc38667466]Effect of Kinetin, GA and IAA on dry biomass and total cellular lipid accumulation
No significant changes in biomass production were observed under different treatments of Kinetin and GA. The percentage of total cellular lipid accumulation was high in cultures treated with higher concentration of Kinetin. The 1.075ppm concentration of Kinetin gives the higher proportion of total cellular lipid accumulation which had an average value of 38.7% DCW (Table 2.1). The yield of total lipids also high in Kinetin treated cultures when compared with control. GA addition increases the total lipid production in N. oceanica CASA CC201. 50ppm GA treated cells shows the highest total lipid production (196 mg/L) whereas in control the total lipid yield is 121.5 mg/L. Treatment with IAA resulted in a higher biomass concentration than the control (Table 2.1). A lower concentration of IAA had a positive effect on biomass production. 10 ppm concentration of IAA gave the highest biomass production of 543.75 mg/L. For untreated culture total oil content was 121.5 mg/L. 30ppm and 40ppm IAA-treated culture resulted in maximum lipid productivity with approximately 310mg/L and 319.5mg/L respectively as compared to the control. This observation was interesting because IAA-treated cells produce more lipid than control cells. 
	PGR
	Concentration
	Biomass yield
(mg L-1)
	Yield of lipids
(mg L-1)

	Without PGR
	Control
	342.0±0.7
	121.5±0.4

	Kinetin
	0.215 ppm
	364.2±0.9
	132.0±1.3

	
	0.430 ppm
	340.5±1.9
	129.0±0.6

	
	0.645 ppm
	349.0±0.3
	131.0±1.2

	
	0.860 ppm
	324.0±2.2
	135.0±3.0

	
	1.075 ppm
	332.0±0.6
	128.5±2.0

	GA
	10 ppm
	390.0±1.6
	155.0±0.8

	
	20 ppm
	375.0±1.9
	142.0±2.3

	
	30 ppm
	360.0±2.8
	150.0±1.0

	
	40 ppm
	340.0±0.9
	174.0±3.0

	
	50 ppm
	320.0±0.5
	196.0±1.8

	Indole-3 acetic acid (IAA)
	10 ppm
	543.7±0.6
	239.0±0.6

	
	20 ppm
	534.2±0.8
	290.5±0.8

	
	30 ppm
	525.5±1.9
	310.0±2.0

	
	40 ppm
	523.5±0.3
	319.5±3.0

	
	50 ppm
	457.5±0.9
	272.5±0.8


[bookmark: _Ref38653980][bookmark: _Toc38667874]Table 2.1 Effect of growth associated PGRs on biomass and lipid production

[bookmark: _Toc38667467]Effect of growth associated PGRs on fatty acid composition of N. oceanica CASA CC201
The fatty acid composition of N. oceanica CASA CC201 cultivated under different treatments of growth associated PGRs are shown in Table 2.2. We detected 11 fatty acids which are Myristic acid (C14:0), Pentadecanoic acid (C15:0), Palmitic acid (C16:0), Palmitoleic acid (C16:1), Stearic acid (C18:0), Elaidic acid (C18:1n9t), Oleic acid (C18:1n9c), Linoleic acid (C18:2), Arachidonic acid (C20:4), Eicosapentaenoic acid (C20:5) and Nervonic acid (C24:1). The major fatty acids consist of C16:0, C16:1, C18:1n9c and C14:0. When individual fatty acids were considered, there is a clear difference in their percentages under different concentrations and combinations of plant growth regulators. Treatment with Kinetin significantly reduces the percentage of Palmitic acid and Myristic acid in N. oceanica when compared with control. GA treatment shows a stimulatory effect on the accumulation of Palmitoleic acid, Oleic acid and Nervonic acid. 
A different trend was observable considering the Eicosapentaenoic acid (C20:5, EPA) concentrations. From the results, it is evident that Kinetin supplementation provoked 4-fold increases in EPA level (Table 2.2). 1.9-fold increases in EPA percentage was observed when treated with 50ppm GA. Treatment with Kinetin has a strong influence on the level of EPA when compared with GA. When Kinetin and GA added in combination, percentage of nervonic acid and oleic acid was significantly increased (Table 2.2). 
To further investigate oil compositions affected by different plant growth regulators, total oil was divided into three classes consisting of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) based on their degree of unsaturation. Cultures supplemented with Plant growth regulators individually or in combination significantly reduce the accumulation of SFAs. Combined effect of Kinetin and GA significantly reduces the SFA content to 62.86% and shows a significant increase in MUFA content to 31% (74.9% SFA and 20.75% MUFA in control). Addition of Kinetin has a stimulatory effect on the accumulation of PUFAs. PUFAs are essential fatty acids which have important role in human health and development. Approximately 3.4-fold increase in PUFA content was observed in cultures treated with 0.86 ppm concentration of Kinetin when compared with control. 
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	Fatty acid
	Control
	Kinetin (ppm)
	GA (ppm)

	
	
	0.215
	0.43
	0.645
	0.86
	1.075
	10
	20
	30
	40
	50

	C14:0
	6.94±0.27
	5.88±0.79
	6.04±0.35
	3.77±0.85
	5.30±1.8
	4.21±0.37
	6.45±0.21
	8.25±2.65
	7.94±0.9
	6.11±0.69
	6.29±1.12

	C16:0
	66.77±0.29
	60.25±4.67
	62.82±0.53
	56.31±4.19
	51.63±4.5
	61.75±0.99
	60.61±0.9
	59.4±0.8
	60.64±1.64
	60.35±1.21
	57.43±1.28

	C16:1
	10.37±1.7
	10.42±0.74
	13.51±2.08
	10.38±1.4
	11.96±1.62
	10.84±2.24
	12.87±1.02
	14.74±0.56
	14.20±0.54
	11.81±1.79
	12.17±0.6

	C18:0
	0.45±0.04
	0.68±0.02
	0.69±0.1
	0.89±0.15
	0.63±0.08
	0.87±0.12
	0.57±0.21
	0.38±0.28
	0.40±0.3
	0.68±0
	0.34±0.24

	C18:1n9t
	2.94±0.05
	4.84±1.3
	3.45±0.07
	5.88±2.04
	6.13±0.77
	4.34±0.15
	3.26±0.08
	2.89±0.4
	2.81±0.11
	2.90±0.08
	3.06±0.18

	C18:1n9c
	5.99±0.29
	6.68±0.4
	7.24±1.85
	6.82±1.59
	7.38±0.08
	6.55±0.91
	8.20±0.13
	7.02±0.3
	7.53±0.03
	7.62±2.13
	6.79±0.26

	C18:2
	0.46±0.1
	0.44±0.06
	0.21±0.15
	0.83±0.2
	0.85±0.5
	0.42±0.1
	0.33±0.16
	0.37±0.02
	0.22±0.1
	0.28±0.21
	0.62±0.13

	C20:4
	0.7±0.06
	1.08±0.11
	0.84±0.08
	1.50±0.54
	1.88±0.23
	0.86±0.16
	0.94±0.71
	0.53±0.48
	0.95±0.11
	1.02±0.13
	1.03±0.08

	C20:5
	3.02±1.29
	7.15±2.37
	3.19±0.18
	10.17±1.7
	11.57±6.96
	6.66±1.69
	4.68±0.03
	3.74±0.26
	2.95±1.18
	4.32±2.48
	5.86±1.02

	C24:1
	1.46±0.21
	2.04±0.29
	1.29±0.11
	3.02±0.4
	1.98±0.69
	3.05±1.56
	1.34±0.22
	1.71±1.12
	1.67±0.6
	3.93±3.44
	5.70±1.4

	SFA
	74.99±0.06
	67.33±4.12
	70.26±0.07
	61.39±5.06
	58.26±6.14
	67.43±0.47
	68.38±0.75
	68.89±1.5
	69.42±1.43
	68.07±2.13
	64.76±0.43

	MUFA
	20.75±1.24
	23.98±1.93
	25.49±0.19
	26.1±2.64
	27.44±0.08
	24.78±1.74
	25.66±1.29
	26.35±1.27
	26.21±0.2
	26.24±0.4
	27.71±0.71

	PUFA
	4.18±1.25
	8.67±2.2
	4.24±0.12
	12.5±2.43
	14.3±6.23
	7.93±1.43
	5.94±0.58
	4.64±0.2
	4.11±1.38
	5.63±2.57
	7.51±1.22


[bookmark: _Ref38654093][bookmark: _Toc38667875]Table 2.2 Fatty acid profile (% of FAs) of N. oceanica CASA CC201 grown under different concentrations of Kinetin and GA




	Fatty acid
	Control
	10ppm
	20ppm
	30ppm
	40ppm
	50ppm

	C14:0
	5.30 ±1.02
	6.18 ±0.7
	6.45 ±1.8
	6.73 ±1.73
	5.36 ±0.86
	5.98 ±0.2

	C16:0
	66.79 ±1.57
	63.12 ±2.16
	61.87 ±4.2
	61.08 ±1.2
	53.85 ±2.75
	52.0 ±1.25

	C16:1
	14.50 ±2.86
	13.69 ±3
	13.74 ±2.1
	10.25±2.91
	11.90 ±1.2
	11.8 ±2.1

	C18:0
	0.68±0.2
	1.04±0.59
	1.16±0.25
	2.24±1.0
	0.22 ±0.05
	0.20 ±0.07

	C18:1
	8.93±1.0
	2.65 ±1.2
	2.26 ±0.4
	2.70 ±0.85
	1.94 ±0.24
	2.10±0.36

	C18:2
	0.46±0.87
	4.21 ±2.0
	4.36 ±2.1
	6.75 ±2.1
	6.10±1.3
	5.8 0±1.48

	C18:3
	0.47 ±0.01
	0.14 ±0.02
	0.14 ±0.01
	0.14 ±0.01
	0.14 ±0.01
	0.14 ±0.01

	C20:4n6
	2.16 ±0.57
	1.12 ±0.09
	1.23 ±0.2
	1.79 ±0.25
	2.30 ±0.12
	4.34 ±0.74

	C20:5
	3.62±0.92
	3.97 ±0.25
	4.05 ±0.9
	4.20 ±1.95
	10.76 ±2.1
	6.56 ±1.2

	SFA
	72.77±0.85
	70.34±3.0
	69.48±3.8
	70.05±2.1
	59.43±2.5
	58.45±3.5

	MUFA
	23.43±1.0
	16.34±1.9
	16±0.99
	12.95±1.1
	13.84±1.18
	13.90±2.0

	PUFA
	6.71±0.93
	9.44±1.0
	9.78±1.2
	12.88±1.2
	19.30±1.0
	16.84±1.0


[bookmark: _Toc38667876]Table 2.3 Fatty acid profile (% of FAs) of N. oceanica CASA CC201 grown under different concentrations of IAA
[bookmark: _Toc38186199][bookmark: _Toc38667468]Effect of stress associated PGRs on growth and metabolism of N. oceanica CASA CC201
[bookmark: _Toc38667469]Effect of MeJA and SA on growth
The results of two independent experiments demonstrated, a significant differences in growth of N. oceanica CASA CC201 at 2.5ppm-60ppm range of MeJA and SA treatments Cultures treated with 10ppm concentration of MeJA supported maximum growth with 77.3x106 cells/mL (18th day), enhancing the growth by 2.1 fold compared to control (35.6x106 cells/mL) (Figure 2.5), whereas treatment with SA at 5ppm concentration gives maximum growth with 55x106 cells/mL (Figure 2.6). Higher concentration of MeJA and SA (40ppm and 60ppm) shows inhibitory effects on growth of N. oceanica CASA CC201. But the growth was found to be increased at the early stationary phase (21st day) when treated with 20 and 40 ppm MeJA and SA. The order of efficacy in MeJA treatment was 10ppm >5ppm >2.5ppm >20ppm >control >40ppm >60ppm. The effectiveness of different concentration of SA can be ranked as 5ppm >2.5ppm >10ppm >20ppm >control >40ppm >60ppm. In comparison with control and MeJA treatment, SA has more inhibitory effects on the growth of N. oceanica CASA CC201. In the range of concentrations tested, lower concentration of MeJA was found to be the most effective growth stimulator of N. oceanica CASA CC201.

[bookmark: _Ref33628499][bookmark: _Ref33628494][bookmark: _Toc38188972][bookmark: _Toc38667836]Figure 2.5 Growth curve of N. oceanica CASA CC201 with different concentrations of MeJA with Control (without any PGR treatment). Sampling was made at 3 days of time intervals.

[bookmark: _Ref33628628][bookmark: _Toc38188973][bookmark: _Toc38667837]Figure 2.6 Growth curve of N. oceanica CASA CC201 with different concentrations of SA with Control (without any PGR treatment). Sampling was made at 3 days of time intervals.
[bookmark: _Toc38667470]Effect of MeJA and SA on biomass and lipid production
The effects of MeJA and SA on biomass and lipid production by N. oceanica CASA CC201 are presented in Table 2.4. An increase in biomass production was observed with the addition of MeJA and SA treatment. Result shows that both MeJA and SA have positive effects on biomass production in a concentration dependent manner. A significantly higher biomass production of 755 mg/L was obtained by treatment with 20 ppm concentration of MeJA and 740 mg/L of biomass production was obtained with 20 ppm concentration of SA compared with all other treatment and control (533 mg/L). Optimum concentration of MeJA and SA for increased biomass production was found to be 20ppm (1.3-fold) for both MeJA and SA (Table 2.4). But there is a slight decline in biomass production in MeJA treated cultures when the hormone was above optimal dose. But similar to the results obtained in cell growth studies, 40 and 60 ppm concentrations of SA show inhibitory effects on biomass production in N. oceanica CASA CC201. Lowest biomass production of 25 mg/L was obtained in cultures treated with 60 ppm SA. From these results, it is clear that higher concentrations of SA have inhibitory effects on growth and biomass production.
The total lipid content of N. oceanica CASA CC201 treated with different concentrations of MeJA and SA (2.5ppm-60ppm) is shown in Table 2.4. Lipid content was found to be high in cultures treated with SA, highest recorded as 475 mg/L in 10 as well as 20 ppm concentrations. Treatment with SA resulted in 2.2-fold increases in total lipid content in comparison with control (210 mg/L). Treatment with 10 ppm concentration of MeJA also promotes lipid production with 314 mg/L over 210 mg/L for control. For MeJA treatment only 10 ppm concentration resulted in 1.4-fold increases in lipid content, while treatment with all other concentrations of MeJA slightly improved lipid production compared to control. Among the two PGRs tested, optimum concentration of SA was found to be 10ppm and it works in a concentration dependent manner. When SA is increased to 40 ppm a decline in lipid production was observed. SA, beyond 20 ppm concentration is not responding and it shows inhibitory effect on growth as well as in lipid production. The percentage of total cellular lipid accumulation was significantly high in cultures treated with SA. 
	Plant growth regulator
	Concentration
	Biomass yield    (mg L-1)
	Yield of lipids (mg L-1)
	Cellular lipid accumulation (%DCW)

	Control
	0
	543.53±2.93
	210.79 ±6.86
	38.78±2.93

	Methyl Jasmonate
	2.5 ppm
	663.19±2.33
	224±0
	33.77±2.33

	
	5 ppm
	636.33±7
	245.76±6.23
	38.62±6.5

	
	10ppm
	662.9±2.5
	314.39±3.13
	47.49±4

	
	20 ppm
	755.16±6.56
	219±2.3
	29±15.2

	
	40 ppm
	606.96±10.16
	217±3.9
	35±10

	
	60 ppm
	509.83±10.83
	224.26±3.8
	43.93±12

	Salicylic acid
	2.5 ppm
	643.46±3.46
	274.4±5.8
	42.58±9.8

	
	5 ppm
	655.66±8.46
	332.9±9.7
	50.77±25

	
	10ppm
	681.7±5.1
	475.73±10.07
	69.78±12.5

	
	20 ppm
	741.96±3.5
	475.96±6.23
	64±21

	
	40 ppm
	313.1±2.1
	258.29±9.9
	82.52±7

	
	60 ppm
	28.5±3.5
	11±1.0
	38.59


[bookmark: _Ref38654368][bookmark: _Toc38667877]Table 2.4 Effect of MeJA and SA on biomass and lipid production
[bookmark: _Toc38667471]Effect of MeJA and SA on fatty acid composition
To further quantify the ability of MeJA and SA to increase cellular fatty acid content and to profile the fatty acid composition GC-MS analysis was carried out. Fatty acid compositions of N. oceanica CASA CC201 grown under different concentrations of MeJA and SA are shown in Table 2.5. Total 12 fatty acids were detected such as Caprylic acid (C8:0), Myristic acid (C14:0), Pentadecanoic acid (C15:0), Palmitic acid (C16:0), Palmitoleic acid (C16:1), Heptadecanoic acid (C17:0), Stearic acid (C18:0), Oleic acid (C18:1), Linoleic acid (C18:2), Gamma linolenic acid (C18:3), Arachidonic acid (C20:4) and Eicosapentaenoic acid (C20:5). Among these C15:0 and C17:0 fatty acids were present in very less concentrations (less than 1%) or even absent in many treatments. Under all experimental conditions, except for 60 ppm SA treatment (no fatty acids were detected because of less biomass and lipid content), C16:0 dominated the major from followed by C16:1, C18:1, C14:0 and C20:5. As the concentration of MeJA and SA increases, there is a considerable decrease in C16:0 content compared to control (40.19%). Lower concentrations of MeJA and SA (2.5ppm) slightly promote C16:0 productions (43%) in N. oceanica CASA CC201. Treatment with 60ppm MeJA shows lowest C16:0 content of 35% in comparison with control. Higher concentrations of MeJA significantly reduce C16:1 production (17.98%), while a higher concentration of SA positively stimulates C16:1 content (21.2%) over control (20%). 
One of the most important finding from the present study is the change in Oleic acid production (C18:1) when treated with different concentrations of MeJA and SA. C18:1 production was significantly increased from 9% (control) to 23% (40ppm MeJA) and slightly decreased to 7% when treated with 40ppm SA. In contrary, treatment with 40ppm SA increases EPA (C20:5) content to 14.56% in comparison with control (9.6%) (Table 2.5). While higher concentration of MeJA (40 and 60ppm) decreased EPA production to 5%. Hence 40ppm SA plays a key role in enhanced omega 3 fatty acid production. From these results, it is evident that the two PGRs work differently in the marine microalgae, N. oceanica CASA CC201. 
To investigate total fatty acid compositions affected by MeJA and SA treatments, percentage of Saturated Fatty Acids (SFAs), Mono Unsaturated Fatty Acids (MUFAs) and Poly Unsaturated Fatty Acids (PUFAs) were analyzed (Table 2.5). Production of MUFAs increased significantly with higher concentrations of MeJA. Treatment with 40 and 60ppm MeJA increased MUFA content to 40% over control (29%). Treatment with lower concentration of MeJA such as 2.5ppm slightly stimulates SFA production in N. oceanica CASA CC201. One of the most important results from the present study is the increased proportion of PUFA in cultures treated with 40ppm SA (22.39%). Moreover, a significant decrease in PUFA content was observed in cultures treated with all other concentrations of MeJA and SA in comparison with control (16.63%). Hence 40ppm SA was found to be the effective dose for enhanced EPA and PUFA production in N. oceanica CASA CC201.
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	Fatty acid
	Control
	MeJA (ppm)
	SA (ppm)

	
	
	2.5
	5
	10
	20
	40
	60
	2.5
	5
	10
	20
	40

	C8:0
	1.78±0.66
	2.54±0.2
	0.94±0.23
	1.52±0.48
	0.74±0.34
	0.91±0.31
	2.12±0.71
	2.10±0.69
	0.62±0.08
	1.01±0.58
	0.47±0
	0.56±0.12

	C14:0
	7.37±0.43
	7.46±0.23
	7.46±0.12
	8.53±0.48
	8.73±0.44
	8.20±0.15
	7.7±0.06
	6.96±0.54
	7.11±0.1
	7.13±0.6
	8.15±0.12
	6.20±0.43

	C16:0
	40.19±1.4
	43.64±1.07
	39.8±0.14
	39.97±1.71
	37.89±0.05
	34.94±2.14
	35.22±0.56
	42.60±2.05
	39.16±0.16
	41.43±1.32
	39.92±0.6
	36.45±1.24

	C16:1
	20.20±0.45
	18.79±0.24
	19.68±0.03
	18.72±0.51
	20.98±0.55
	18.07±2.4
	17.98±0.05
	19.28±0.31
	20.16±0.25
	20.75±0.63
	21.35±0.77
	21.20±0.01

	C18:0
	3.55±0.15
	4.19±0.18
	3.68±0.02
	3.93±0.18
	2.96±0.02
	3.43±0.29
	4.09±0.11
	3.54±0.22
	3.43±0.08
	3.45±0.26
	3.06±0.18
	5.99±0.38

	C18:1
	9.01±0.35
	11.75±0.13
	12.03±0.42
	12.66±0.23
	15.26±0.62
	23.09±1.34
	21.49±0.36
	11.50±0.18
	11.60±0.38
	12.42±0.51
	13.63±0.37
	7.19±0.41

	C18:2
	2.4±0.26
	1.63±0.1
	2.07±0.09
	1.73±0.19
	1.40±0.02
	1.44±0.15
	1.62±0.12
	1.78±0.2
	2.25±0
	1.74±0.23
	1.54±0.04
	2.71±0.01

	C18:3
	0.23±0
	0
	0.52±0.11
	0.32±0
	0.40±0.01
	0.81±0.21
	0.75±0.09
	0.66±0.01
	0.55±0.08
	0
	0.20±0
	0.28±0

	C20:4
	4.33±0.43
	3.3±0.17
	4.12±0.11
	4.02±0.34
	3.98±0.14
	3.42±0.48
	3.33±0.18
	3.62±0.34
	4.48±0.06
	3.98±0.31
	4.13±0.1
	4.87±0.12

	C20:5
	9.65±1.54
	6.36±0.54
	9.01±0.5
	8.01±1.27
	6.82±0.3
	5.13±1.09
	5.2±0.54
	7.34±1.42
	9.53±0.19
	7.38±0.88
	6.68±0.31
	14.52±0.57

	SFA
	53.81±2.93
	58.16±2.01
	52.73±0.72
	54.52±2.88
	50.97±0.88
	47.98±2.93
	49.14±1.45
	55.50±3.72
	50.99±0.45
	53.65±2.86
	52.4±1.41
	49.21±2.18

	MUFA
	29.22±0.81
	30.55±0.38
	31.71±0.45
	31.38±0.74
	36.24±1.17
	41.16±3.74
	39.47±0.41
	30.78±0.49
	31.76±0.63
	33.18±1.15
	34.99±1.15
	28.4±0.43

	PUFA
	16.63±2.48
	11.29±0.81
	15.73±0.82
	14.09±2.13
	12.61±0.47
	10.8±1.93
	10.9±0.93
	13.41±2
	16.82±0.34
	13.10±1.42
	12.56±0.66
	22.39±0.99


[bookmark: _Ref38654550][bookmark: _Toc38667878]Table 2.5 FAME profile of N. oceanica CASA CC201 under different MeJA and SA treatments
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[bookmark: _Toc38667472]Detection of ROS in N. oceanica CASA CC201 under MeJA and SA treatments
Under unfavorable conditions, microalgal cells tend to produce ROS as a defense mechanism. In order to understand the altered growth and lipid production and also modulation in specific fatty acids we had studied the correlation of ROS accumulation and the response of enzymatic antioxidant catalase in N. oceanica CASA CC201 under different MeJA and SA treatments. Cultures treated with MeJA showed an increase in H2O2 content with an increase in MeJA concentration up to 20ppm. Highest rate of increase in H2O2 content (69µM/gFW) was observed with 20ppm MeJA treatment compare to control (35µM/gFW) (Figure 2.7). SA treated cultures also showed increase in H2O2 content than the control culture. As the concentration of MeJA and SA increases (40ppm and 60ppm), a sudden dip in H2O2 production was observed in comparison to that of control. There is less significant change in H2O2 content among different concentrations of SA treatments in comparison to control. Although a dose dependent increase in O2.-content was observed in SA treated cultures (Figure 2.8). The highest rate of O2.- content was observed with 40ppm SA treatment (30µM/gFW) and 60ppm MeJA treatment (23µM/gFW) in comparison with control (6µM/gFW). Treatment with 40ppm SA showed almost 5-fold increase in O2.-content when compared with control. O2.-content did not change significantly in cultures treated with 2.5,5,10 and 20ppm concentrations of MeJA. But surprisingly a drastic increase in O2.-content was observed with higher concentrations of MeJA (40 and 60ppm) treated cultures. In N. oceanica CASA CC201 OH.-content followed a dose dependent increase with increasing concentrations of exogenously supplied MeJA. Cultures treated with 60ppm MeJA gives the highest OH.- production of 8.3Absorbance*100/gFW when compared control with OH.- level of 3.7Absorbance*100/gFW (Figure 2.9). But a different trend was observed in SA treated cultures. Hydroxyl radical content not change significantly in all SA treated groups (nearly 4Absorbance*100/gFW) except for 60ppm SA treatment. OH.- content was significantly decreased to 2 Absorbance*100/g FW in cultures treated with 60ppm SA. To check the level of lipid peroxidation, we analyzed the amount of MDA in N. oceanica CASA CC201 (Figure 2.10). 40 ppm MeJA and SA treated cultures exhibit high MDA content (3.16µM/g FW and 2.35µM/g FW) compared with control (1.15µM/g FW). As the concentration of PGRs increases above 40ppm, there is a decline in MDA production.

[bookmark: _Ref33630433][bookmark: _Toc38188974][bookmark: _Toc38667838]Figure 2.7 H2O2 content in N. oceanica CASA CC201 treated with MeJA and SA after 21 days of cultivation

[bookmark: _Ref33630631][bookmark: _Toc38188975][bookmark: _Toc38667839]Figure 2.8 O2- content in N. oceanica CASA CC201 treated with MeJA and SA after 21 days of cultivation

[bookmark: _Ref33641947][bookmark: _Toc38188976][bookmark: _Toc38667840]Figure 2.9 OH- content in N. oceanica CASA CC201 treated with MeJA and SA after 21 days of cultivation


[bookmark: _Ref33642086][bookmark: _Toc38188977][bookmark: _Toc38667841]Figure 2.10 Lipid peroxidation in terms of MDA after MeJA and SA treatments
[bookmark: _Toc38667473]Effect of MeJA and SA on antioxidant enzyme activities and endogenous IAA levels
ROS activity is controlled by a powerful intrinsic antioxidant system in photosynthetic microorganism including CAT. Intracellular CAT converts H2O2 into oxygen and water. In the present study, we observed a decreased CAT activity in cultures treated with different concentrations of MeJA and SA (Table 2.6). Control shows the maximum CAT activity of 1.4U/mL compared to treatment with MeJA and SA. CAT activity was found to be very low in 40 and 60ppm concentrations of MeJA treatment.
	Plant growth regulator
	Catalase activity (U/mL)

	
	Control
	2.5ppm
	5ppm
	10ppm
	20ppm
	40ppm
	60ppm

	MeJA
	1.45±0.13
	0.22±0.06
	0.67±0.02
	0.58±0.02
	0.88±0.11
	0.02±0
	0.01±0

	SA
	1.43±0.16
	0.18±0.04
	0.39±0.05
	0.40±0.17
	0.78±0.14
	0.49±0.13
	0.12±0.02


[bookmark: _Ref38654724][bookmark: _Toc38667879]Table 2.6 Activities of the enzymatic antioxidants of N. oceanica CASA CC201 under MeJA and SA treatment after 21 days of cultivation
Next, we had analyzed the effect of exogenous addition of different concentrations of MeJA and SA on the endogenous levels of major plant hormone Indole-3-Acetic Acid (IAA). Treatment with higher concentrations of MeJA and SA significantly increased the endogenous levels of IAA in N. oceanica CASA CC201 (Figure 2.11). From the results it is evident that treatment with 40ppm MeJA resulted in significant increase in IAA synthesis, which was the highest of 103ng/mL (4.9-fold) compared to control (21ng/mL). But as the concentration of MeJA increases to 60ppm endogenous IAA synthesis is decreased to 42ng/mL. Treatment with 40ppm SA also contributes to the increased synthesis of IAA (44ng/mL) in N. oceanica CASA.

[bookmark: _Ref33642377][bookmark: _Toc38188978][bookmark: _Toc38667842]Figure 2.11 The endogenous levels of phytohormone Indole-3-acetic acid (IAA) in N. oceanica CASA CC201 treated with MeJA and SA after 21 days of cultivation.
[bookmark: _Toc38186200][bookmark: _Toc38667474]Discussion
Plant growth regulators also knew as plant growth substances play a significant role in plant growth and metabolism. Algae are the ancestors of the present-day land plants and their plant growth regulators mechanism shares similarities (Kenrick & Crane, 1997). Chae et al., 2104 reported that green algae are enriched by the addition of specific plant growth regulators (Chae et al., 2014). Exogenous addition of Brassinosteroids increased the stress tolerance in Chlorella vulgaris (Bajguz & Asami, 2004). Methyl Jasmonate and GA3 also increased the astaxanthin accumulation in H. pluvialis (Lu et al., 2010). Maria Filomina (2013) reported that increased concentration of Kinetin caused a gradual decrease in growth of Dunaliella salina and H. pluvialis (de Jesus Raposo & de Morais, 2013). Kim and Greulach (1961) reported the stimulatory effect of GA3 on Chlorella growth (Kim & Greulach, 1961). However, the results obtained in the present study are in agreement with results obtained by Evans and Sorokin (1971) who reported that GA3 was not stimulatory in Chlorella sorokiana and Chlorella fusca (Evans & Sorokin, 1971). IAA being a primary growth regulating hormone, eventually it has a major role in plant growth and development.  Moreover our previous study reports that exogenously supplemented IAA triggers increased cell number in N. oceanica CASA CC201 (Udayan & Arumugam, 2017). Salama et al., in 2014 also reported stimulatory effects of IAA on growth of S. obliquus (Salama et al., 2014). It is noteworthy to mention that nearly 5-fold increase in IAA content was observed when treated with 40ppm MeJA compared to control. Increases IAA content can be correlated with the increased cell number on early stationary phase. Collectively these results suggest that there is a crosstalk among stress hormones in a growth phase dependent manner, i.e., during exponential growth phase, it triggers IAA which is responsible for active cell division.
MeJA and SA are known to be active in higher plants especially during disease conditions or pathogen attack. These two PGRs has role in inducing secondary metabolite production in higher plants through up regulation of key genes during stress or when exogenously added (Vom Endt et al., 2002). Wu et al., in 2018 discussed the exogenous addition of JA and SA on growth of two freshwater Chlorella strains (Wu et al., 2018). They found that higher concentrations of JA and SA (500µM) displayed decrease in growth of algal cells (Wu et al., 2018). Similarly, Czerpak et al., in 2006 reported that higher concentrations of JA (10-5 to 10-4M shows inhibitory effects on the growth of Chlorella vulgaris (Czerpak et al., 2006). Moreover, Gao et al., in 2007 showed that treatment with higher concentrations of SA (>10 mg/L) creates inhibitory effects on algal growth (Gao et al., 2007), which is also in agreement with our present data. Likewise, treatment with lower concentrations of SA (10-4 M) increased the growth of microalgae between 8 and 12 days of cultivation (Czerpak et al., 2002). One of the most important activities of microalgal cells is their ability to accumulate lipids under different conditions. These lipids are mainly composed of neutral lipids, phospholipids and glycolipids. Neutral lipids consist of triacyl glycerides (TAG) that contain high value essential fatty acids like DHA and EPA as well as fatty acids suitable for biodiesel purposes. Microalgae accumulate lipids during specific environmental conditions such as temperature, light, salinity and nutrient limitation. Josephin et al., (2015) reported that Gibberellins could augment the biomass of microalgae Chlorella vulgaris and it also induces lipid production in Chlorella (Josephine et al., 2015). Yu et al., (2016) also reports that Gibberellin stimulates lipid yield in Aurantiochytrium sp. YLH70 which is a marine fungus with high growth rate and DHA production (Yu et al., 2016). Chatterjee et al., (2008) reported that Gibberellin added at a concentration of 0.1 mg/L increased biomass and chitosan production in fungi Rhizopus oryzae (Chatterjee et al., 2008). 
Jusoh et al in 2015 reported 54% increase in lipid accumulation in C.vulgaris when treated with 45µM JA (Jusoh et al., 2015a). Similarly, Wu et al., in 2018 showed 1.6- and 2.1-fold increase in lipid content when treated with 10mg/L SA and 0.5mg/L JA respectively (Wu et al., 2018). Similarly, treatment with lower concentrations of MeJA increased the lipid content while higher doses exhibit decreased lipid production in the macroalgae Gracilaria dura (Kumari et al., 2015). Our studies are in agreement with these results. Lower concentration of MeJA enhances lipid content while higher concentrations shows inhibitory effects on lipid production. This decreased lipid production at higher doses could be due to the increased lipid peroxidation at higher concentrations (Table 2.1). We had observed increased EPA and oleic acid content when treated with stress hormones. In order to understand the mechanism behind increased EPA production we had studied the generation of oxidative stress after treatment with stress hormones.
[image: ]
Scheme 2.1 Role of stress hormones in EPA production
 Results of Kumari et al., are in agreement with the dose dependent increase in lipid peroxidation (Kumari et al., 2015). In microalgae lipid production can be enhanced through the induction of ROS accumulation. Yilancioglu et al., (2014) supplied exogenous H2O2 to Dunaliella cells and found out the induction of lipid accumulation through oxidative stress (Yilancioglu et al., 2014). Addition of MeJA and SA to N. oceanica CASA CC201 cells causes increased ROS accumulation and lipid peroxidation in a dose dependent manner. ROS plays a key role in shifting the microalgal metabolism from carbohydrate storage to lipid synthesis and other metabolites which help to overcome the stress induced damage to the microalgal cells (T. Wang et al., 2016). EPA and DHA are the most important omega 3 fatty acids which had positive effects on brain development, eye health, heart disease prevention and anti-inflammatory activity (Werman et al., 2003). Yu et al., (2016) reported that Aurantiochytrium sp. TLH 70 is a promising candidate for the commercial production of DHA using plant growth regulator as a stimulator (Yu et al., 2016). The combination of Kinetin and GA makes a two-fold increase in the percentage of EPA out of total polyunsaturated fatty acids. This is the first report on the effect of growth regulators in EPA production in N. oceanica CASA CC201. One of the possible mechanisms could be the fatty acids induced by these growth regulators might play an anti-stress mechanism in N. oceanica CASA CC201 as a major EPA producer. 
Long chain PUFAs like DHA and EPA comprise a rich source of high value molecules which are essential for human health and development. Among this high value essential PUFAs EPA is a vital component in the mammalian cell membranes and act as precursor for the synthesis of eicosanoids. EPA is also involved in the retinal and neuronal development in infants, immune system boosters and reduces the risk of cardiovascular diseases, artherosclerosis, cancers etc. (Riediger et al., 2009). 
[image: C:\Users\vaio\Google Drive\phd\2019\Manuscript 3\manuscript 3\New folder\fatty acid synthesis pathway.pptx fin.jpg]
[bookmark: _Ref38382091][bookmark: _Toc38667843]Figure 2.12 Possible mechanism of specific fatty acid synthesis under MeJA and SA treatments
In microalgae long chain PUFA synthesis is specifically compartmentalized and initiated in ER by the conversion of oleic acid to linoleic acid by Δ12 desaturase. Linoleic acid can be converted to ALA by omega 3 desaturases or processed by omega 6 pathway. Conversion of ALA by omega 3 desaturase yields EPA using stearidonic acid and eicosatrienoic acid as intermediates (Kaye et al., 2015). Our speculation about significant increases in EPA content under SA treatment could be due to the up regulation of genes related to omega 3 fatty acid biosynthesis pathways by SA (Figure 2.12). However, this is the first report that salicylic acid treatment enhanced EPA production in microalgae. Another possible reason for the change in fatty acid composition after MeJA and SA treatment could be the generation of ROS and lipid peroxidation. Level of lipid peroxidation was found to be high after higher doses of MeJA treatment in N. oceanica CASA CC201. Johansson et al., in 2016 reported that lipid peroxidation reduces the content of PUFA in yeast (Johansson et al., 2016). Because unsaturated double bonds in PUFA will be more readily oxidized which results in the formation of cytotoxic aldehydes such as malondialdehyde. When, N. oceanica cultures were exposed to higher doses of MeJA, oxidative stress caused by the ROS species could be the reason for decreased PUFA production. Jakobsen et al., in 2008 claimed that fatty acid yield can be enhanced under an oxygen rich environment (Jakobsen et al., 2008). Another possible explanation for increased PUFA production by SA treatment could be the excellent antioxidant properties of PUFAs to combat ROS stress.
[bookmark: _Toc38186201][bookmark: _Toc38667475]Conclusion
Growth promoting and stress associated PGRs were used to induce biomass, lipid and omega 3 fatty acid production in N. oceanica CASA CC201. Growth promoting PGRs selected for this study include Kinetin, GA and IAA which are primarily associated with the growth and development of higher plants. Stress associated PGRs selected include MeJA and Salicylic acid SA, which are produced as a result of defense mechanisms in plants. PGRs act in a dose dependent manner. The choice of the PGR and its concentration depends on specific objectives. Kinetin promoted growth and EPA production in the microalgae, while GA induced lipid production. In addition to this, treatment with IAA induces growth, lipid as well as PUFA production in N. oceanica CASA CC201. Among the different PGR treatments, addition of Kinetin and IAA increases the percentage of EPA 4-fold and 2-fold respectively as compared to the control. Most interestingly, under both of these treatments, proper growth characteristics and lipid production were observed. Interestingly treatment with higher doses of MeJA promoted oleic acid production, while treatment with SA induces essential omega 3 fatty acid, EPA production. This significant modification of fatty acid compositions was correlated with the oxidative stress in terms of total ROS production and endogenous growth hormone levels. The growth promoting PGRs like Kinetin and IAA can be effectively used as modulators of omega 3 fatty acid production in large scale cultivation systems and can be used to overcome the major drawbacks of large scale microalgal cultivation systems. From this study we can conclude that ability of PGRS to promote growth, lipid and omega 3 fatty acid productions may reduce the production cost and increases the nutraceutical value of N. oceanica CASA CC201 for food and feed applications. 
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[bookmark: _Toc32139222][bookmark: _Toc38186202][bookmark: _Toc38667476]Media engineering using statistical tools for the optimization of biomass, lipid and omega 3 fatty acid production
[bookmark: _Toc32139223][bookmark: _Toc38186203][bookmark: _Toc38667477]Introduction
Microalgae have been considered as promising bio-factories for nutrition from almost four decades. Microbial oil rich in omega 3 and omega 6 fatty acids produced in a controlled environment is one of the recent topics of research because of its advantages over fish oil. Fishes obtain these fatty acids through the consumption of microalgae. Nannochloropsis oceanica have been considered as potential producers of omega 3 LC PUFAs specifically EPA. Due to its benefits and advantages over fish oil, many researchers are focused to improve EPA production from Nannochloropsis and to make the process industrially feasible. Among the various methods used, optimization of culture conditions has been proven to increase growth and lipid production significantly (El-Sheekh et al., 2016). Formulation of specific growth medium is very necessary for the production of valuable metabolites, towards which the optimization of growth media components is very much necessary. 
In the previous chapter, we had analyzed the effect of individual addition of different concentration of PGRs on biomass, lipid and omega 3 fatty acid productions from N. oceanica CASA CC201. The conventional ‘one-factor-approach-at-a-time’ for media optimization has several drawbacks like time consumption, a greater number of experiments which often leads to confusion in understanding the process parameters (Tarley et al., 2009). For the industrial production of high value metabolites from microalgae, there are different combinatorial interactions of media components and culture conditions. Optimization of single variables excludes the interaction among the variables which is incapable of reaching the correct optimum point. An experimental set up based on statistical models is helpful in evaluating the relationship between a group of controllable experimental conditions and specific responses (Singh et al., 2013). 
Statistical tools like Plackett-Burman design were used for the screening of parameters to detect large main effects. The selected parameters were further optimized using Response Surface Method (RSM). Plackett-Burman design is a well-established and commonly used statistical tool to optimize the media parameters and to screen which media component gives the maximum effects. RSM is an effective method for the screening of key factors from the multiple factors for the optimization of culture conditions. Studies using RSM helps to avoid the errors occurred during single parameter optimization (Zhang et al., 2010). Application of RSM has been successfully utilized in chemical industry, engineering and biological studies. But only few reports are available on the application of RSM for the optimization of biomass and lipid accumulation in microalgae. The main objective of this study is to use Plackett- Burman and RSM for developing an optimized medium using PGRs along with D-Walnes media components to increase the growth, lipid and EPA production from marine microalgae N. oceanica CASA CC201. 
[bookmark: _Toc32139224][bookmark: _Toc38186204][bookmark: _Toc38667478]Materials and methods
Nannochloropsis oceanica CASA CC201 strain was cultured and maintained in D-Walne’s medium modified by Walne PR (1970). D-Walne’s media was composed of (g/l) FeCl3.6H2O -1.3; MnCl2.4H2O–0.36; H3BO3 – 33.6; EDTA (Disodium salt) – 45.0; NaH2PO4.2H2O – 20.0; NaNO3 – 100.0; and 1 mL trace metal solution which is composed of (g/100 mL) ZnCl2 – 2.0; CoCl2.6H2O - 2.0; (NH4)6Mo7O24.4H2O – 0.9; CuSO4.5H2O – 2.0. Vitamin solution was composed of (mg/100 mL) vitamin B12 – 10.0; thiamine – 100.0; biotin – 200.0 μg/100 mL. The pH of the culture medium was adjusted to 8.0 ± 0.2 before autoclaving. The culture was maintained in a growth chamber with 14:10-hour light-dark period and temperature 25°C. 
[bookmark: _Toc32139225][bookmark: _Toc38186205][bookmark: _Toc38667479]Selection of plant growth regulators and stock solution preparation
Three major Growth regulators used in this study were Indole-3-acetic acid (IAA), Kinetin and Gibberellic acid (GA), purchased from Sigma-Aldrich. Each phytohormones were first dissolved in an appropriate solvent and diluted with autoclaved distilled water (IAA in ethanol, Kinetin in 1N NaOH and GA in ethanol), and filter sterilized using 0.22μm syringe filters. The concentration working range of Kinetin and GA were 10ppm to 30ppm and IAA was5ppm to 10ppm respectively.  
[bookmark: _Toc32139226][bookmark: _Toc38186206][bookmark: _Toc38667480]Plackett-Burman experimental design for screening of variables
Plackett-Burman design was used for screening the effect of major plant growth regulators like Kinetin, Gibberellic acid (GA), and Indole-3-Acetic acid (IAA). The parameters selected from the are macronutrients like Sodium nitrate (NaNO3), Sodium dihydrogen phosphate (NaH2PO4.2H2O), Ethylene diamine tetra acetic acid (EDTA, disodium salt), Ferric chloride (FeCl3) and micronutrients like Copper sulphate (CuSO4.5H2O), Zinc sulphate (ZnSO4), Cobalt chloride (CoCl2.6H2O), Manganese chloride (MnCl2) and Sodium molybdate (NaMoO4) (Table 3.1). Citric acid is also selected for the study. Citric acid is a major intermediate in Krebs cycle, by which organisms degrade organic fuel molecules in the presence of oxygen to harvest the energy for growth and division. Citric acid also plays an important role in lipid production and metabolism. Each variable was set at a higher (+) and lower values to identify their significant role in specific responses. 
	Factor
	Name
	Low level (-1)
	High level (+1)

	A
	NaNO3
	37.5 g/L
	112.5 g/L

	B
	NaH2PO4.2H2O
	2.5 g/L
	7.5 g/L

	C
	NaEDTA
	2.18 g/L
	6.54 g/L

	D
	FeCl3
	1.58 g/L
	4.73 g/L

	E
	CuSO4.5H2O+ ZnSO4
	0.5+1.1 g/100mL
	1.5+3.3 g/100mL

	F
	CoCl2+MnCl2
	0.5+0.9 g/100mL
	1.5+2.7 g/100mL

	G
	NaMoO4
	0.315 g/100mL
	0.945 g/100mL

	H
	IAA
	10 ppm
	30 ppm

	I
	GA
	10 ppm
	30 ppm

	J
	Kinetin
	5 ppm
	10 ppm

	K
	Citric acid
	5 ppm
	10 ppm


[bookmark: _Ref38654836][bookmark: _Toc38667880]Table 3.1 Higher and lower limits of variables selected for the Plackett-Burman experimental screening
	Std. order
	Run
	A
	B
	C
	D
	E
	F
	G
	H
	J
	K
	L

	7
	1
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00

	8
	2
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00

	12
	3
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00

	6
	4
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00

	3
	5
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00

	1
	6
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00

	11
	7
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00

	10
	8
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00

	4
	9
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00

	2
	10
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00

	9
	11
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00

	5
	12
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00


[bookmark: _Ref38654899][bookmark: _Toc38667881][bookmark: _Toc32139227][bookmark: _Toc38186207]Table 3.2 Plackett-Burman experimental design and range of factors

An experimental model of twelve runs was designed for the eleven factors by Design Expert Software Version 12 (Stat Ease Inc. Minneapolis, MN, USA) based on the range of variables given in Table 3.2. The experiments were carried out in 1000 mL Erlenmeyer flasks containing 400 mL D-Walnes medium and incubated in a growth chamber under the illumination of 40.5 µmol photons m-2S-1 light intensity and 14:10 light: dark photoperiod. Temperature was maintained at 25±2°C. 10% inoculums containing 3x106 mL-1 of cells in the exponential growth phase was added to the culture medium and incubated for 21 days. Three responses were measured in terms of dry weight of biomass (mg/L) Total lipid content (mg/L), and EPA content (%). The results obtained were analyzed using ANOVA and the significant parameters with p <0.05 were used for further studies.
[bookmark: _Toc38667481]Response Surface Methodology
Response surface methodology (RSM) will help to study the expression for a variable based on the response values obtained with specific combinations and concentrations of variables in the experimental model. Central Composite Design (CCD) was conducted to evaluate the main effects of the parameters studied and their interactions with each other (Table 3.3). To evaluate e influence of significant factors, three independent variables were selected based on the Pareto analysis of Plackett-Burman experimental design. The selected variables are NaNO3, NaH2PO4 and IAA. The ranges of factors were determined based on the path of steepest ascent in the Pareto chart. A total of twenty experiments were conducted using Design Expert Software Version 12 (Table 3.4). 
	Factor
	Name
	Low level (-1)
	High level (+1)

	A
	NaNO3
	120 g/L
	220 g/L

	B
	NaH2PO4.2H2O
	2.5 g/L
	7.5 g/L

	C
	IAA
	40 ppm
	70 ppm


[bookmark: _Ref38654955][bookmark: _Toc38667882]Table 3.3 Levels of independent variables in Central Composite Design
The experiments were conducted in 500 mL Erlenmeyer flasks containing 200 mL medium which is prepared according to the design. 10% inoculums containing 3x106 cells/mL in the log phase was added to the culture medium aseptically and incubated for 21 days. The responses were measured in terms of biomass, total lipid and EPA content. 3D plots were created using RSM to study the interactions among different variables and to optimize the medium components suitable for the responses. The optimized results were further confirmed using point prediction. 
	Std.
	Run
	A
	B
	C

	6
	1
	220
	2.5
	70

	14
	2
	170
	5.0
	80

	12
	3
	170
	9.0
	55

	7
	4
	120
	7.5
	70

	13
	5
	170
	5.0
	29

	17
	6
	170
	5.0
	55

	4
	7
	220
	7.5
	40

	1
	8
	120
	2.5
	40

	10
	9
	254
	5.0
	55

	11
	10
	170
	0.79
	55

	9
	11
	85
	5.0
	55

	2
	12
	220
	2.5
	40

	18
	13
	170
	5.0
	55

	5
	14
	120
	2.5
	70

	20
	15
	170
	5.0
	55

	15
	16
	170
	5.0
	55

	19
	17
	170
	5.0
	55

	8
	18
	220
	7.5
	70

	16
	19
	170
	5.0
	55

	3
	20
	120
	7.5
	40


[bookmark: _Ref38655021][bookmark: _Toc38667883]Table 3.4 Central composite design matrix
[bookmark: _Toc32139228][bookmark: _Toc38186208][bookmark: _Toc38667482]Statistical analysis of the data
The data was processed and analysed using the statistical software, Design-Expert version 12 (Stat-Ease, Inc., Minneapolis, USA) to estimate the coefficient of regression and to plot the model graphs. ANOVA was done to study the significance of variables in the fitted equations and to estimate the goodness of fit in each case. 
[bookmark: _Toc32139229][bookmark: _Toc38186209][bookmark: _Toc38667483]Results
[bookmark: _Toc32139230][bookmark: _Toc38186210][bookmark: _Toc38667484]Screening of variables using Plackett Burman design for optimization of biomass, lipid and EPA production
Plackett-Burman statistical experiment was conducted to screen out positive parameters influencing biomass, total lipid and EPA production. This will serve as a guide in developing an effective microalgal cultivation medium for enhanced lipid and EPA production without compromising the growth and biomass production. PGRs like Kinetin, GA and IAA were used for the optimization of biomass, lipid and EPA production together with media components (NaNO3), NaH2PO4.2H2O, EDTA, FeCl3, CuSO4.5H2O+ZnSO4, CoCl2.6H2O+MnCl2NaMoO4 and Citric acid. Results showed that highest biomass production of 396mg/L was observed in run number 8, highest lipid production of 254 mg/L was observed in run number 9 and highest EPA production of 5.6% was observed in run number 11 (Table 3.5). 
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	Std.
	Run
	A
	B
	C
	D
	E
	F
	G
	H
	J
	K
	L
	Response 1
Biomass (mg/L)
	Response 2
Lipid (mg/L)
	Response3
EPA (%)

	7
	1
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	327
	222.75
	2

	8
	2
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	359.5
	229.7
	1.8

	12
	3
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	-1.00
	329.5
	210
	0.74

	6
	4
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	241
	214.75
	2.82

	3
	5
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	352
	250.25
	5.55

	1
	6
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	382.5
	225
	2.95

	11
	7
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	359.25
	233.25
	4.32

	10
	8
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	346.5
	250.75
	2

	4
	9
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	352.5
	254.25
	2.66

	2
	10
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	396.5
	238
	0.55

	9
	11
	1.00
	1.00
	1.00
	-1.00
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	344.25
	225.25
	2.96

	5
	12
	-1.00
	-1.00
	1.00
	-1.00
	1.00
	1.00
	-1.00
	1.00
	1.00
	1.00
	-1.00
	282
	203.7
	1.78


[bookmark: _Ref38655141][bookmark: _Toc38667884]Table 3.5 Range of factors and responses in Plackett-Burman experimental design



[bookmark: _Toc38667485]Optimization of nutrient sources for biomass production based on Plackett-Burman experimental design
In case of biomass production, out of the 11 parameters tested, 6 parameters were significantly contributed to increase the growth. The non-selection of remaining five elements represents their (P>0.05) non-significant contributions to the response at the 95% confidence level, selected for the study.  Figure 3.1 represents the half normal plot of the standardized effects of significant nutrients showing the magnitude and direction of their significant effects. 
[image: ]
[bookmark: _Ref30535065][bookmark: _Ref30594362][bookmark: _Ref31797212][bookmark: _Toc32138577][bookmark: _Toc38188979][bookmark: _Toc38667844]Figure 3.1 Half normal plot representing significant nutrient factors for biomass production from N. oceanica CASA CC201








	Source
	Sum of Squares
	df
	Mean Square
	F-value
	p-value
	

	Model
	19090.90
	6
	3181.82
	34.69
	0.0006
	significant

	A-NaNO3
	2596.02
	1
	2596.02
	28.31
	0.0031
	

	B-NaH2PO4
	7056.75
	1
	7056.75
	76.95
	0.0003
	

	C-NaEDTA
	652.69
	1
	652.69
	7.12
	0.0445
	

	E-CuSO4+ZnSO4
	1344.08
	1
	1344.08
	14.66
	0.0123
	

	J-Kinetin
	3185.02
	1
	3185.02
	34.73
	0.0020
	

	K-GA
	4256.33
	1
	4256.33
	46.41
	0.0010
	

	Residual
	458.54
	5
	91.71
	
	
	

	Cor Total
	19549.44
	11
	
	
	
	


[bookmark: _Ref38655194][bookmark: _Toc38667885]Table 3.6 Statistical analysis for biomass production of selected factorial model under Plackett-Burman design
Figure 3.1 reveals that NaH2PO4 has the highest influence on biomass production by the microalgae N. oceanica CASA CC201 because of its effect positioned the furthest to the right of the response line. Other factors contribute to the significant effects on growth and biomass productions are GA, Kinetin, NaNO3, CuSO4.5H2O+ZnSO4 and Na-EDTA. FeCl3 exerts the lowest effects on biomass production.
The Analysis of variance (ANOVA) was done to find out the significant variables on biomass production (Table 3.6). The results confirm that NaH2PO4 is the most significant factor on biomass production (P value 0.003, P<0.005) by its very large F-value.
[image: ]
[bookmark: _Ref30533332][bookmark: _Toc32138578][bookmark: _Toc38188980][bookmark: _Toc38667845]Figure 3.2 Main effects plots of significant nutrients for biomass production from N. oceanica CASA CC201
Figure 3.2 shows the one factor analysis graph of the significant variables. Kinetin and Citric acid gives the highest biomass production at lower concentrations, while higher concentrations decrease biomass production. 
The linear regression coefficient of determination gives adjusted R2 of 94.84% which indicates that the model equation given below in coded units are significant and can explain 94.84% of variability in the responses. The equation for biomass production also reveals that NaH2PO4 has the largest coefficient that is indicated by a positive sign proving once again that it has a strong enhancement on biomass production. 

	Std. Dev.
	9.58
	R²
	0.9765

	Mean
	339.38
	Adjusted R²
	0.9484

	C.V. %
	2.82
	Predicted R²
	0.8649

	
	
	Adeq Precision
	21.1463


[bookmark: _Ref38655440][bookmark: _Toc38667886]Table 3.7 Fit statistics for biomass production using Plackett-Burman design
The Predicted R² of 0.8649 is in reasonable agreement with the Adjusted R² of 0.9484; i.e. the difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 21.146 indicates an adequate signal. This model can be used to navigate the design space (Table 3.7).
Equation for biomass production is given below:
Biomass = 339.375 + 14.7083 * NaNO3 + 24.25 * NaH2PO4 + 7.375 * Na-EDTA + 10.5833 * CuSO4+ZnSO4 + -16.2917 * Kinetin + -18.8333 * GA
[bookmark: _Toc38667486]Optimization of nutrient sources for biomass production based on Plackett-Burman experimental design
[image: ]
[bookmark: _Ref30535256][bookmark: _Toc32138579][bookmark: _Toc38188981][bookmark: _Toc38667846]Figure 3.3 Half normal plot of significant nutrient factors for lipid production based on Plackett-Burman design
	Source
	Sum of Squares
	df
	Mean Square
	F-value
	p-value
	

	Model
	2264.12
	4
	566.03
	5.97
	0.0205
	significant

	B-NaH2PO4
	649.01
	1
	649.01
	6.85
	0.0345
	

	D-FeCl3
	814.28
	1
	814.28
	8.60
	0.0220
	

	H-IAA
	353.71
	1
	353.71
	3.73
	0.0946
	

	K-GA
	447.13
	1
	447.13
	4.72
	0.0664
	

	Residual
	663.13
	7
	94.73
	
	
	

	Cor Total
	2927.26
	11
	
	
	
	


[bookmark: _Ref38655534][bookmark: _Toc38667887]Table 3.8 Statistical analysis of factors responsible for lipid production

In contrast to the results obtained in biomass production, FeCl3 placed right side of the response line has the major effects on total lipid production by N. oceanica CASA CC201 (Figure 3.3). The other factors with significant effects on lipid production by the microalgae are NaH2PO4, GA and IAA. Here we can see that the added PGRs also contribute to significant lipid production along with the micronutrients in the algal growth medium. Table 3.8 represents the results of ANOVA of the model, which also proves that FeCl3 is the most significant variable on lipid production with a P value of 0.0220 and has the highest F-value. The model is found to be significant with a P value of 0.0205.
[image: ]
[bookmark: _Ref30538626][bookmark: _Ref30535589][bookmark: _Toc32138580][bookmark: _Toc38188982][bookmark: _Toc38667847]Figure 3.4 Main effects plots of significant nutrient factors involved in lipid production of Plackett-Burman experimental design
Figure 3.4 shows the one factor analysis graph of the significant variables for total lipid production. Here we can see the lipid production increases as the concentration of NaH2PO4, FeCl3 and IAA increases. In contrast lower concentration of GA favors higher lipid production. 



The equation for lipid production is 
Total lipid = 229.804 + 7.35417 * NaH2PO4 + 8.2375 * FeCl3 + 5.42917 * IAA + -6.10417 * GA
[bookmark: _Toc38667487]Optimization of significant nutrient factors for EPA production using Plackett-Burman experimental design
Half normal plot for EPA production also reveals that FeCl3 contribute to a significant role in EPA production by N. oceanica CASA CC201. The other positive significant parameters are NaNO3, NaH2PO4, Na-EDTA and Citric acid. 
[image: ]
[bookmark: _Toc32138581][bookmark: _Toc38188983][bookmark: _Toc38667848]Figure 3.5 Half normal plot of standardized effects representing significant nutrient factors for EPA production
The ANOVA analysis for EPA production also supports this result. FeCl3 has the most significant effect on EPA production with a P value of 0.0015 (largest F-value of 30.28) compared to the other factors (Table 3.9). The Model F-value of 13.09 indicates that the designed model is significant. There is only a 0.35% chance that an F-value this large could occur due to noise. Here A and D are significant variables in the model with a p value less than 0.05. Adjusted R2 of 84.61% indicate that the given model equation is significant for the response data. 
The Predicted R² of 0.6642 is in reasonable agreement with the Adjusted R² of 0.8461; i.e. the difference is less than 0.2 (Table 3.10). Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 11.560 indicates an adequate signal. This model can be used to navigate the design space.
	Source
	Sum of Squares
	df
	Mean Square
	F-value
	p-value
	

	Model
	19.75
	5
	3.95
	13.09
	0.0035
	significant

	A-NaNO3
	6.80
	1
	6.80
	22.52
	0.0032
	

	B-NaH2PO4
	1.53
	1
	1.53
	5.08
	0.0650
	

	C-NaEDTA
	1.46
	1
	1.46
	4.85
	0.0699
	

	D-FeCl3
	9.14
	1
	9.14
	30.28
	0.0015
	

	L-Citric acid
	0.8269
	1
	0.8269
	2.74
	0.1489
	

	Residual
	1.81
	6
	0.3017
	
	
	

	Cor Total
	21.56
	11
	
	
	
	


[bookmark: _Ref38655611][bookmark: _Toc38667888]Table 3.9 Statistical analysis of variables involved in EPA production of Plackett-Burman Experimental design
	Std. Dev.
	0.5493
	R²
	0.9160

	Mean
	2.51
	Adjusted R²
	0.8461

	C.V. %
	21.88
	Predicted R²
	0.6642

	
	
	Adeq Precision
	11.5598


[bookmark: _Ref38655728][bookmark: _Toc38667889]Table 3.10 Fit statistics of EPA production based on Plackett-Burman experimental design
From the Figure 3.6 it is clear that FeCl3, NaNO3 and Na-EDTA will enhance the EPA production when its concentration increases. While NaH2PO4 and Citric acid facilitate EPA production in lower concentrations applied in the experimental model. 
[image: ]
[bookmark: _Ref30536093][bookmark: _Toc32138582][bookmark: _Toc38188984][bookmark: _Toc38667849]Figure 3.6 Main effects plot of significant nutrients on EPA production by N. oceanica CASA CC201

Equation for EPA production also proves that FeCl3 is the most significant parameter for EPA production. 
EPA = 2.51083 + 0.7525 * NaNO3 + -0.3575 * NaH2PO4 + 0.349167 * NaEDTA + 0.8725 * FeCl3 + -0.2625 * Citric acid
[bookmark: _Toc32139231][bookmark: _Toc38186211][bookmark: _Toc38667488]Response Surface methodology
The main objective of this study is to develop an optimized medium for the large-scale cultivation of N. oceanica CASA CC201 for enhanced EPA production in a cost-effective way and to overcome the problems associated with large scale cultivation of microalgae. The major problem occurred during large scale microalgal cultivation is lower biomass productivity with lower product accumulation. PGRs can be effectively used for modulating the product accumulation without compromising the growth characters. Based on the results obtained from the Plackett-Burman design sodium nitrate, sodium dihydrogen phosphate and Indole-3- acetic acid and their suitable concentrations were selected for biomass, lipid and EPA production from N. oceanica CASA CC201. Primary goal of this study is to enrich EPA production in N. oceanica using the optimized medium. Based on the results obtained from Plackett-Burman experimental model, we had observed that NaNO3 and NaH2PO4 has a key role in biomass production. It is also clear that as the primary phytohormones which are involved in all the metabolic functions in higher plants, IAA also plays an important role in growth and biomass production of N. oceanica. Sustaining or maintaining biomass production in large scale cultivation is a major challenge. Therefore, it is very important to include a growth promoting substance in the optimized medium to overcome this challenge. The other two selected parameters will help to increase lipid and EPA production, while IAA enhances the growth as well as metabolite accumulation. The three factor five level Central Composite Design (CCD) with twenty experiments were used to detect the optimum concentration of NaNO3, NaH2PO4 and IAA and thereby to develop a mathematical correlation between the three important variables and the responses. 
The results of experiments conducted using CCD showed that maximum EPA production of 16.72% with high biomass (893 mg/L) and high lipid content 320 (mg/L) was obtained in run number 8. The optimum concentration of variables in run number 8 is NaNO3-120g/L, NaH2PO4- 2.5g/L and IAA- 40ppm (Table 3.11). These results presented about 2.98-fold increase in EPA production when compared with the maximum production obtained from Plackett-Burman model. This reflects the importance and value of the optimization process. ANOVA analysis revealed that the model is significant only for EPA production with Prob.>F less than 0.05 even though the biomass and lipid production increased significantly.
	Std.
	Run
	A:NaNO3
	B:NaH2PO4
	C:IAA
	Response 1
EPA 
(%)
	Response 2
Biomass (mg/L)
	Response 3
Lipid (mg/L)

	6
	1
	220
	2.5
	70
	13.38
	393
	103

	14
	2
	170
	5.0
	80
	14.54
	305
	106

	12
	3
	170
	9.2
	55
	14.76
	662
	243

	7
	4
	120
	7.5
	70
	13.39
	348
	107

	13
	5
	170
	5.0
	29
	13.64
	427
	172

	17
	6
	170
	5.0
	55
	13.56
	319
	66.5

	4
	7
	220
	7.5
	40
	9.14
	398
	101

	1
	8
	120
	2.5
	40
	16.72
	893
	320

	10
	9
	254
	5.0
	55
	11.41
	421
	106

	11
	10
	170
	0.79
	55
	14.53
	338
	56.5

	9
	11
	85
	5.0
	55
	9.10
	398
	52

	2
	12
	220
	2.5
	40
	15.80
	440
	58

	18
	13
	170
	5.0
	55
	7.86
	501
	200

	5
	14
	120
	2.5
	70
	9.65
	477
	51

	20
	15
	170
	5.0
	55
	13.35
	303
	125

	15
	16
	170
	5.0
	55
	11.80
	427
	175

	19
	17
	170
	5.0
	55
	11.14
	574
	225

	8
	18
	220
	7.5
	70
	15.64
	492
	111

	16
	19
	170
	5.0
	55
	13.58
	419
	120

	3
	20
	120
	7.5
	40
	9.41
	484
	27


[bookmark: _Ref38655789][bookmark: _Toc38667890]Table 3.11 Actual factor levels of CCD of the Response Surface optimization showing EPA, biomass and lipid production by N. oceanica CASA CC201
The quadratic equation provides the level of EPA production which can be presented in terms of actual factors
EPA = 45.6369 + 0.0343111 * NaNO3 + -5.24692 * NaH2PO4 + -0.887615 * IAA + -0.00083 * NaNO3 * NaH2PO4 + 0.001195 * NaNO3 * IAA + 0.0665667 * NaH2PO4 * IAA + -0.000244653 * (NaNO3)2 + 0.150475 * (NaH2PO4)2 + 0.00330776 * IAA2
The model was found to be significant for EPA production with a p value of 0.0295. From the ANOVA table it is evident that BC is the only significant model term (Table 3.12) Lack of fit was found to be non-significant which makes the model more significant and accurate. 
	Source
	Sum of Squares
	df
	Mean Square
	F-value
	p-value
	

	Model
	94.02
	9
	10.45
	3.59
	0.0295
	significant

	A-NaNO3
	5.51
	1
	5.51
	1.89
	0.1988
	

	B-NaH2PO4
	4.21
	1
	4.21
	1.45
	0.2567
	

	C-IAA
	0.4590
	1
	0.4590
	0.1577
	0.6996
	

	AB
	0.0861
	1
	0.0861
	0.0296
	0.8669
	

	AC
	6.43
	1
	6.43
	2.21
	0.1681
	

	BC
	49.85
	1
	49.85
	17.13
	0.0020
	

	A²
	5.39
	1
	5.39
	1.85
	0.2034
	

	B²
	12.75
	1
	12.75
	4.38
	0.0628
	

	C²
	7.98
	1
	7.98
	2.74
	0.1287
	

	Residual
	29.10
	10
	2.91
	
	
	

	Lack of Fit
	4.51
	5
	0.9026
	0.1835
	0.9568
	not significant

	Pure Error
	24.59
	5
	4.92
	
	
	

	Cor Total
	123.12
	19
	
	
	
	


[bookmark: _Ref38655987][bookmark: _Toc38667891]Table 3.12 ANOVA of CCD for EPA regression in actual terms of a quadratic model
The Model F-value of 3.59 implies the model is significant. There is only a 2.95% chance that an F-value this large could occur due to noise. P-values less than 0.0500 indicate model terms are significant. In this case BC is a significant model term. The Lack of Fit F-value of 0.18 implies the Lack of Fit is not significant relative to the pure error. There is a 95.68% chance that a Lack of Fit F-value this large could occur due to noise. Non-significant lack of fit is good which makes the model fit. 
	Std. Dev.
	1.71
	R²
	0.7636

	Mean
	12.62
	Adjusted R²
	0.5509

	C.V. %
	13.52
	Predicted R²
	0.4270

	
	
	Adeq Precision
	6.1541


[bookmark: _Ref38656043][bookmark: _Toc38667892]Table 3.13 Fit statistics of EPA production in the quadratic model of Central Composite Design
The Predicted R² of 0.4270 is in reasonable agreement with the Adjusted R² of 0.5509; i.e. the difference is less than 0.2. Adeq Precision measures the signal to noise ratio (Table 3.13). A ratio greater than 4 is desirable. The ratio of 6.154 indicates an adequate signal. This model can be used to navigate the design space.
Three contour surfaces were plotted on the basis of the model equation, which identify the interactions among the variables and to determine the optimum concentration of each factor for maximum response (Figure 3.7). Each figure represents the effect of two variables while keeping the concentration of other variables at zero level. 
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[bookmark: _Ref30536515][bookmark: _Toc32138583][bookmark: _Toc38188985][bookmark: _Toc38667850]Figure 3.7 Contour (a) and surface plots (b) of two-way interactions of independent variables BC on maximum EPA production by N. oceanica CASA CC201
Figure 3.7 shows the interaction effect of NaH2PO4 and IAA (BC) concentrations on EPA production by N. oceanica CASA CC201. The figure shows that very high and very low concentrations of IAA and NaH2PO4 facilitate EPA production and give the maximum production. 
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[bookmark: _Ref30536546][bookmark: _Toc32138584][bookmark: _Toc38188986][bookmark: _Toc38667851]Figure 3.8 Contour (a) and surface plots (b) of two-way interactions of independent variables AB on maximum EPA production by N. oceanica CASA CC201
An interactive effect of NaNO3 and NaH2PO4 can be seen in Figure 3.8. The response is expected to increase with increased NaNO3 and NaH2PO4 concentrations provided when IAA concentrations are lower. 
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[bookmark: _Ref30536577][bookmark: _Toc32138585][bookmark: _Toc38188987][bookmark: _Toc38667852]Figure 3.9 Contour (a) and surface plots (b) of two-way interactions of independent variables AC on maximum EPA production by N. oceanica CASA CC201
Interaction plot of IAA and NaNO3 (AC) can be seen in Figure 3.9. Here also we can observe higher EPA production with higher concentrations of AC when NaH2PO4 concentration at its maximum. 
[bookmark: _Toc32139232][bookmark: _Toc38186212][bookmark: _Toc38667489]Discussion
Optimizing the composition of media for cultivation of microalgae to induce biomass production and high value metabolite accumulation has been considered as an important factor for the sustainable product development. Omega 3 fatty acids are widely used in nutraceutical and pharmaceutical industries and increasing the biomass productivity is also considered as a crucial bottleneck in economic concern. In the present study, major PGRs like IAA, Kinetin and GA were used to develop an optimized media together with selected components from the D-Walne’s medium used for the cultivation of N. oceanica CASA CC201. The overall production costs of omega 3 fatty acids from microalgae are very expensive and significant research is required to reduce the production cost (Hamilton et al., 2015). The traditional microalgal cultivation methods to increase lipid and high value metabolite production includes introduction of different stress conditions like nutrient stress, high temperature, high salinity, addition of heavy metals, antioxidants etc. But application of these methods often leads to decreased growth, which will eventually decrease the product accumulation and increases the cost of production. 
In this chapter we had screened the effect of PGRs together with D-Walnes media components on biomass, total lipid and EPA production using Plackett-Burman model. Traditional one-factor-at-a-time optimization approach is laborious, time consuming and require more number of experiments which makes the process and analysis more difficult. Statistical experimental design provides an effective method to develop a suitable media for product development. Plackett-Burman design helps to identify the significant components for the formulation of a specific medium. RSM is a convenient and effective tool for the identification of significant variables from multiple variables and can solve the defects occurred in single factor optimization. 
Till now various studies have been conducted to enhance biomass and high value metabolite production in microalgae by optimizing different media components (Haque et al., 2012). But there is no results are available for statistical optimization of PGRs together with D-Walne’s media components for the cost-effective production of omega 3 fatty acids from N. oceanica CASA CC201. In our study the designed Plackett-Burman model was found to be significant for biomass, lipid and EPA production with a p-value less than 0.05 (Table 3.6)
Significant factors contribute to higher biomass production are NaH2PO4, GA, Kinetin, NaNO3, CuSO4+ZnSO4 and Na-EDTA (Figure 3.1). Sheek et al., in 2016 reported that phosphate was one of the most significant factors affecting the growth of N.oculata (El-Sheekh et al., 2016). For industrial production of any high value metabolite it is very important to obtain sufficient biomass production. Nitrogen, phosphorous and sulfur are very essential nutrients for the growth of microalgal cells. Yang et al., (2018) reported that nitrogen deficiency and phosphorous deficiency will inhibit the microalgal growth and cell division (Yang et al., 2018). Micronutrients like Cu and Zn which is required in small amounts have a strong impact on microalgal growth because they mediate and control many enzymatic activities in the cell (Gardner-Dale et al., 2017). Our results indicate that NaH2PO4 is the major significant factor contributes to the biomass production (Figure 3.1). The role of phosphorous as an essential nutrient for nitrate absorption, photosynthetic respiration, signal transduction and energy transfer are already well established (Gardner-Dale et al., 2017). Nowadays one of the most common methods to increase lipid production from microalgae for biodiesel applications are nutrient limitation or nutrient stress and the major nutrient comes in play is nitrogen. But it is reported that even though nitrogen limitation has increased intracellular lipid accumulation but showed 80% decrease in biomass production and also caused failure in final lipid product improvement (S. Zhu et al., 2014). It has also been reported that phosphorous addition is an effective strategy to enhance microalgal biomass production under nitrogen limitation (F.-F. Chu et al., 2013). So phosphorous can be considered as a major nutrient for microalgal growth which is the reason behind enhanced biomass production in Plackett-Burman experimental design. Moreover, we had also observed that treatment with GA and Kinetin has a significant role in biomass production. From our study, it is evident that treatment with lower concentrations of Kinetin significantly enhances the biomass production of N. oceanica CASA CC201. In the previous chapter we had presented similar results about the individual addition of PGRs in N. oceanica CASA CC201 and its effect on biomass production. Park et al., (2013) also reported that treatment with optimum concentrations of GA and Kinetin has increased biomass production in the selected microalgal species (Park et al., 2013). Similar results were observed in Aurantiochytrium Sp. YLH70 where biomass production was increased by 14.4% under gibberellin induction (Yu et al., 2016). 
In case of lipid production, the designed model was found to be significant by using ANOVA analysis (Table 3.8) and the significant factors observed are FeCl3, NaH2PO4, GA and IAA. FeCl3 was found to be the major significant factor contributes to lipid production (Figure 3.3). Liu et al., (2008) reported that high iron concentration increased lipid accumulation in marine strain of Chlorella vulgaris with decreased biomass production (Liu et al., 2008). We had also observed similar effects in our study. In case of EPA production also FeCl3 contributes to a major significant factor followed by NaNO3. Vu et al., in 2016 reported that the percentage of EPA production has decreased 50% during nitrogen limitation (Vu et al., 2016). Similar results were observed in Rhodomonas baltica where nitrogen limitation decreases DHA and EPA production in the marine microalgae. This result explains the significance of nitrogen as a major player in EPA production. 
Further we had formulated a new media using RSM and the significant variables selected are NaNO3, NaH2PO4 and IAA. The major objective of this study is to formulate a medium for EPA production without compromising the growth properties in a cost-effective manner. The model was found to be significant with 16.72% EPA production. Several reports are available on the effect of nitrogen and phosphate on biomass and lipid production. The reason behind for the selection of IAA is IAA is the most common naturally occurring phytohormones coming under auxin class, which regulates various aspects of plant growth and development (Fernández-Reiriz et al., 1989). Moreover, PGRs can be act at very low concentrations which can be effectively used in large scale cultivation. Here we had selected IAA because of growth and lipid promoting activity. It is very necessary to maintain higher biomass productivity in large scale cultivation and IAA can be successfully used to achieve this goal. In our study, we had observed the designed CCD is significant for EPA production with high biomass and lipid production. In our previous study we had observed that treatment with IAA significantly enhances biomass production with 60.9% lipid and 10.76% EPA production (Udayan & Arumugam, 2017). Salama et al., (2014) also demonstrated 1.9-fold increases in PUFA content when treated with IAA (Salama et al., 2014). Treatment with IAA resulted in 39% increase in total lipid accumulation by C.vulgaris (Jusoh et al., 2015b). Hence all these results are in agreement with our study.
[bookmark: _Toc38186213][bookmark: _Toc38667490]Conclusion
Optimizing the composition of media for cultivation of microalgae to induce biomass production and high value metabolite accumulation has been considered as an important factor for the sustainable product development. In this chapter we had screened the effect of PGRs together with D-Walne’s media components on biomass, total lipid and EPA production using Plackett-Burman model and Response surface methodology. Traditional one-factor-at-a-time optimization approach is laborious, time consuming and require more number of experiments which makes the process and analysis more difficult. Designed PB model was found to be significant for biomass (396mg/L), lipid (254mg/L) and EPA (5.6%) production with a p value <0.05. Significant factors contribute to higher biomass production in PB are NaH2PO4, GA, Kinetin, NaNO3, CuSO4+ZnSO4 and Na-EDTA. Significant factors observed for lipid production are FeCl3, NaH2PO4, GA and IAA. In case of EPA production also FeCl3 contributes to a major significant factor followed by NaNO3. The major objective of this study is to formulate a medium for EPA production without compromising the growth properties in a cost-effective manner. Further we had formulated a new media using RSM to achieve the same goal and the significant variables selected were NaNO3, NaH2PO4 and IAA. The model was found to be significant with 16.72% EPA production with a p value <0.05. Contour plots were used to study the interactions of independent variables. The newly formulated medium using RSM will help to overcome the challenges associated with traditional microalgal cultivation methods. Most of these methods are not feasible in large scale applications and will increase the cost of production also. Thus, the newly formulated medium using sodium nitrate, sodium dihydrogen phosphate and IAA will give high EPA production with improved growth and cost efficiency. 
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[bookmark: _Toc32139233][bookmark: _Toc38186214][bookmark: _Toc38667491]Downstream processing for the partial purification of polyunsaturated fatty acids
0. [bookmark: _Toc32139234][bookmark: _Toc38186215][bookmark: _Toc38667492]Introduction
In recent years, long chain fatty acids including monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) gained more interest because of its health benefits on living organisms (Rise et al., 2002). Omega 3 fatty acids namely EPA and DHA have more health benefits in comparison with other fatty acids. During the last few years, feeding of humans with MUFA and PUFA has proved that they are the main components in cholesterol lowering diet (Karmally, 2005). Feeding humans with PUFA enriched foods reduced blood pressure, prevent thrombosis and atherosclerosis and have positive effects on immune and inflammatory system (McIntosh et al., 1985). The main dietary sources of omega 3 fatty acids are fishes and green algae (Bigogno et al., 2002). Among these marine microalgae are considered as the potential sources of EPA and DHA (Ward & Singh, 2005). Due to these reasons, there is an increase in the consumption of seafood during the recent years. 
PUFAs has well proven role in maintaining the health of human beings, therefore in addition to increase the production of PUFAs it is very necessary to develop highly efficient fatty acid separation and processing techniques. For obtaining highly purified PUFA high throughput concentration steps are necessary to separate SFA and MUFA from the mixed oils. There are several food formulations in market which require highly purified omega 3 and omega 6 fatty acids which points out the importance of the separation of specific fatty acids from mixed oils (Innis et al., 2002). Different techniques are available for the separation of PUFAs including super critical fluid extraction, urea complexation, freezing crystallization, high performance liquid chromatography and lipase concentration (Lui et al., 2004; Yamamura & Shimomura, 1997). Among these methods, urea complexation is the most efficient and cost-effective method to separate PUFA from mixed oils. Urea complexation also have many advantages over other techniques because the crystals formed through complexation are more stable and filtration at low temperature is not required. Moreover, the separation purely depends on the presence of multiple double bonds rather than pure physical properties like stability and melting point (Fei et al., 2010). The SFAs and MUFA have the ability to form complex with urea and crystallize out at cooling which contribute to the urea complexing fraction (UCF) and the non-urea complexing fraction (NUCF) consists of PUFA. In this chapter urea complexation of fatty acid methyl esters (FAME) of N. oceanica CASA CC201 was carried out to obtain concentrated PUFA. The effect of different volumes of fatty acid and different crystallization temperature on the concentration process was also studied. 
[bookmark: _Toc32139235][bookmark: _Toc38186216][bookmark: _Toc38667493]Materials and methods
[bookmark: _Toc32139236][bookmark: _Toc38186217][bookmark: _Toc38667494]Growth conditions
N. oceanica CASA CC201 was maintained in axenic conditions by sub culturing every two weeks in D-Walnes medium. Cultures were grown in 400mL D-Walne’s medium in 1-litre flasks and maintained at in a growth chamber with 14:10-hour light-dark period and temperature 25°C. The flasks were hand shaken twice daily (without sparging of air or CO2) to avoid adherence of the cells to the walls. After achieving sufficient pre-inoculum, (10%), the cultures were introduced to 50L photo bioreactors with 20L working volume of D-Walne’s medium (Figure 4.1). Air sparging was provided using air pumps. Biomass was collected at the stationary phase (12 days) by centrifugation (Kubota high speed refrigerated centrifuge) at 8000 rpm for 10 minutes and rinsed with distilled water and stored frozen for further experiments. Biomass was collected at the stationary phase (21 days) by centrifugation at 8000 rpm for 10 minutes and lyophilized for further experiments. 
a)
b)

[bookmark: _Ref38477087][bookmark: _Toc38667853]Figure 4.1 N. oceanica cultivated in 50L photobioreactors; a) culture at log phase, b) culture at stationary phase
[bookmark: _Toc32139237][bookmark: _Toc38186218][bookmark: _Toc38667495]Lipid extraction and transesterification
1g wet biomass was suspended in 2-3 mL chloroform: methanol (2:1) and 2 mL sodium chloride was added to each tube for breaking the cell wall and for the release of lipids. The samples were centrifuged at 10000 rpm for 15 minutes, and the lower phase containing total lipids were collected to a pre-weighed 50 mL round bottomed flask. After evaporation, the flasks were weighed again and compared to the previous weight. From this, the weight of the total lipid was calculated. 
Transesterification was carried out using 2% H2SO4 in dried methanol and heated at 100°C for 1 hour in a water bath and cooled at 25°C. Then 3 mL hexane were added and vortexed for 1 minute. The mixture was then centrifuged at 1000 rpm for 5 minutes. The upper layer was collected, diluted with hexane and filtered using 0.2μm PTFE syringe driven filters (Figure 4.2). 
[bookmark: _Toc32139238][bookmark: _Toc38186219][bookmark: _Toc38667496]Fatty acid analysis
[image: ]
[bookmark: _Ref38278618][bookmark: _Toc38667854]Figure 4.2 Protocol for lipid extraction and FAME preparation
The FAME was analyzed using Gas Chromatography Mass Spectroscopy (GC-MS) (Shimadzu QP2020). The capillary column used was stabilwax column (Restek, USA) with 60m length, 0.25mm internal diameter and 0.25µm thickness. The analysis started at 70°C and was increased to 140°C at the rate of 10°C/min and to 240°C at the rate of 3°C/min. After reaching 240°C, the temperature was held stable for 15min before the analysis was terminated. The analysis was performed using NIST 17 mass spectral library and the individual fatty acid was identified based on mass spectrum and retention time.
[bookmark: _Toc32139239][bookmark: _Toc38186220][bookmark: _Toc38667497]Urea complexation
[image: ]
[bookmark: _Ref38278577][bookmark: _Toc38667855]Figure 4.3 Partial purification of PUFA from N. oceanica using urea complexation method
Based on the previous GC analysis different volumes of FAME, 50 µL, 100 µL and 200 µL of the liquid fraction was added to 0.45 mL of methanol, which is then mixed with 0.105g urea in order to achieve  methanol/urea ratio of 3.4 (by mass) (this ratio allows a homogenous and clear mixing of methyl esters with urea) [10]. The mixture was then heated at 60-65°C until the solution become clear. The mixture was then cooled at different temperatures (-20, 4, 20, 25 and 37°C) overnight to obtain urea complexes. After overnight incubation, the solution was centrifuged at 12000rpm at respective complexation temperature for the separation of urea complexing (UCF) and non-urea complexing (NUCF) fractions. 0.5 mL distilled water at 60°C was then added to the UCF and NUCF and vortexed. After that 1 mL hexane was added to both fractions to extract the methyl esters. The hexane phases from UCF and NUCF were collected and evaporated under nitrogen atmosphere for further GC-MS analysis (Figure 4.3). 

[bookmark: _Toc32139240][bookmark: _Toc38186221][bookmark: _Toc38667498]Results
[bookmark: _Toc38186222][bookmark: _Toc38667499]Fatty acid analysis before urea complexation
The purification of LC PUFAs such as EPA and AA from N. oceanica CASA CC201 involves a first stage lipid extraction from wet biomass followed by fatty acid transesterification, after which EPA and AA was further concentrated using urea complexation method. Concentration of PUFA using urea complexation is mainly focused on getting a PUFA concentrate enriched in EPA and AA for attaining high purity for nutraceutical and pharmaceutical applications. In the present study we had selected different volumes of FAME (50 μL, 100 μL and 200 μL) because volume of fatty acid plays a very important role in crystallization process. Different temperatures were also studied because optimal crystallization temperature is also an important factor for the separation of PUFA.  
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[bookmark: _Ref36742464][bookmark: _Toc38188988][bookmark: _Toc38667856]Figure 4.4 GC-MS chromatogram showing fatty acid composition of N. oceanica before urea complexation
The initial fatty acid mixture extracted from N. oceanica CASA CC201 wet biomass before urea complexation was shown in Table 4.1. The microalgal oil was composed of 7.29% myristic acid (C14:0), 32.19% Palmitic acid (C16:0), 21.57% Palmitoleic acid (C16:1), 1.97% stearic acid (C18:0), 11.03% oleic acid (C18:1), 3.10% linolenic acid (C18:2), 4.84% Arachidonic acid (C20:4) and 16.83% Eicosapentaenoic acid (C20:5). Pentadecanoic acid (C15:0) was also present in a very minor concentration (Figure 4.4).
	Fatty acid
	%

	C14:0
	7.29

	C16:0
	32.19

	C16:1
	21.57

	C18:0
	1.97

	C18:1
	11.03

	C18:2
	3.10

	C20:4
	4.84

	C20:5
	16.83

	SFA
	48.85

	MUFA
	32.6

	PUFA
	24.47


[bookmark: _Ref38657241][bookmark: _Toc38667893]Table 4.1 Fatty acid composition of N. oceanica before urea crystallization
[bookmark: _Toc38186223][bookmark: _Toc38667500]Fatty acid analysis of urea complexing fraction
Table 4.2 shows the fatty acid composition in the urea complexing fraction. Compared to the starting FAME composition in the original algal oil, there was a significant reduction in the PUFA observed in some of the samples. 
	Volume of fatty acid
	Crystallisation Temperature (°C)
	C14:0
	C16:0
	C16:1
	C18:0
	C18:1
	C18:2
	C20:4
	C20:5
	SFA
	MUFA
	PUFA

	50 µL
	-20
	6.21
	36.42
	22.32
	0
	10.71
	2.63
	4.38
	16.54
	42.63
	33.03
	23.55

	
	4
	6.12
	34.8
	22.07
	1.42
	10.7
	2.77
	4.67
	17.46
	42.34
	32.77
	24.90

	
	20
	6.33
	35.43
	21.81
	1.88
	11.27
	2.92
	4.28
	14.63
	43.64
	33.08
	21.83

	
	25
	6.48
	37.69
	22.13
	1.67
	10.79
	2.45
	3.68
	14.13
	45.84
	32.92
	20.26

	100 µL
	-20
	6.63
	36.85
	22.65
	1.67
	10.92
	2.75
	3.39
	14.53
	45.15
	33.57
	20.67

	
	4
	6.65
	36.65
	22.45
	1.64
	11.1
	2.77
	3.87
	14.87
	44.94
	33.55
	21.51

	
	20
	6.98
	37.59
	22.75
	1.96
	11.63
	2.85
	3.51
	12.74
	46.53
	34.38
	19.10

	
	25
	7.01
	37.64
	23.31
	1.75
	11.73
	2.94
	3.56
	12.07
	46.4
	35.04
	18.57

	200 µL
	-20
	7.48
	40.77
	21.2
	2.07
	10.83
	2.28
	2.92
	12.44
	50.32
	32.03
	17.64

	
	4
	7.77
	42.25
	19.96
	2.63
	11.03
	2.35
	2.94
	11.07
	52.65
	30.99
	16.36

	
	20
	6.65
	36.65
	22.45
	1.64
	11.1
	2.77
	3.87
	14.87
	44.94
	33.55
	21.51

	
	25
	7.71
	39.52
	23.18
	2.37
	13.5
	2.65
	2.28
	8.79
	49.60
	36.68
	13.72


[bookmark: _Ref38657297][bookmark: _Toc38667894]Table 4.2 Fatty acid profile of urea complexing fraction

Highest percentage of SFA (49.6%) was observed for sample containing 200 μL FAME at 25°C. This sample also had the percentage of PUFA (13.72%) incorporated into the urea complex.
[bookmark: _Toc38186224][bookmark: _Toc38667501]Fatty acid analysis of non-urea complexing fraction
Table 4.3 shows the data obtained from the experiment on fatty acid composition in the NUCF of all the samples. Percentage of PUFA has increased to 78.69% from 24.47%. The major fatty acid like C14:0 and C18:0 were completely absent in the NUCF. However, the percentage of C16:0 (2.92) was significantly decreased in the NUCF compared to the original algal oil (32.19%). Thus, the percentage of SFAs was significantly decreased to 12.21% from 48.85%. MUFA present in the original algal oil was C16:1 and C18:1. In NUCF, C18:1 was completely absent and the percentage of C16:1 was significantly decreased to 11.74% from 21.57%. The total content of MUFA in NUCF was decreased from 32.6% to 11.74% with 200 μL FAME at 37°C.
	Volume of fatty acid
	Crystallization Temperature (°C)
	C14:0
	C16:0
	C16:1
	C18:1
	C18:2
	C20:4
	C20:5
	SFA
	MUFA
	PUFA

	50 µL
	-20
	4.49
	37.23
	18.27
	18.65
	0
	3.30
	14.25
	41.72
	36.92
	17.55

	
	4
	5.10
	35.12
	20.02
	15.24
	0
	4.16
	14.20
	40.31
	38.23
	12.11

	
	20
	4.17
	34.52
	18.40
	9.11
	0
	4.60
	21.97
	38.69
	27.51
	26.57

	
	25
	4.49
	35.54
	19.42
	9.56
	0
	4.63
	18.65
	40.03
	28.98
	23.28

	100 µL
	-20
	0
	14.53
	0
	5.70
	0
	8.09
	39
	14.53
	5.70
	47.09

	
	4
	0
	10.72
	10.71
	0
	0
	10.15
	49.71
	10.72
	10.71
	59.86

	
	20
	0
	4.08
	4.25
	0
	0
	11.14
	52.18
	4.08
	4.25
	63.32

	
	25
	0
	5.33
	4.46
	0
	0
	11.75
	58.01
	5.33
	4.46
	69.76

	200 µL
	-20
	2.45
	19.43
	24.25
	10.91
	3.71
	8.36
	29.6
	21.88
	35.16
	41.67

	
	4
	0
	11.03
	25.59
	11.59
	4.31
	9.6
	34.55
	11.03
	37.18
	48.46

	
	20
	0
	0
	15.27
	4.22
	4.02
	15.59
	54.89
	0
	19.49
	74.50

	
	25
	0
	2.92
	11.74
	0
	4.07
	16.08
	58.54
	2.92
	11.74
	78.69


[bookmark: _Ref38657401][bookmark: _Toc38667895]Table 4.3 Fatty acid composition of non-urea complexing fraction
PUFA present in original algal oil were C18:2, C20:4 and C20:5. Total PUFA content was increased from 13.72% to 78.69% in the NUCF with 200 μL FAME at 25°C. EPA was enriched from 16.83% to 58.54%. AA content was increased from 4.84% to 16.08% in the NUCF. The highest proportion of EPA was observed at 25°C with 200 μL FAME.

[bookmark: _Toc38186225][bookmark: _Toc38667502]Discussion
Urea complexation is an efficient, simple and cost-effective method for the purification and concentration of long chain polyunsaturated fatty acid from natural sources. The basic principle is the formation of complexes with urea and straight chain fatty acids which enables an efficient separation of the free fatty acids or esters (Senanayake & Shahidi, 2006). Initially the TAGs of N. oceanica CASA CC201 oil were extracted using chloroform: methanol which is then transesterified using methanol and sulfuric acid. The resultant fatty acid methyl esters were then mixed with alcoholic solution of urea for the complexation process. Urea has the ability to form complexes with SFA and MUFAs as a result these fatty acids will crystallize as a solid phase on cooling it can be separated by centrifugation or filtration. The long chain PUFAs will remain in the non-urea complexing liquid fraction. Temperature and urea: fatty acid ratio plays an important role in crystallization process and depends on the type of fatty acid to be purified. Temperatures from -20°C to ambient can be used for the process. 
In our study we had observed enrichment of EPA nearly 60% compared to the starting algal oil (16.83%). Senanayake et al., in 2000 also reported that DHA fraction from C. cohnii was enriched from 47.4% to 97.1% after urea complexation (Senanayake & Shahidi, 2006). In another report, urea complexation of seal blubber oil in the tested conditions resulted in a PUFA content of 92.3% in NUCF. In our study we had observed the presence of PUFA in the UCF in small quantities. Ratnayake et al., (1988) was reported a similar observation using red fish oil (Ratnayake et al., 1988). Similarly, Senanayake et al., in 2006 also reported 97.1% DHA in the NUCF while 23.1% of DHA was complexed with the urea and present in the UCF (Senanayake & Shahidi, 2006). 
Through urea complexation it was very difficult to avoid the SFA and MUFAs from the NUCF for obtaining a 100% purified EPA. Ratnayake et al., (1988) also reported that it is difficult to remove SFA by urea complexation because some of the short chain fatty acids do not form complex with urea during the crystallization process (Ratnayake et al., 1988). Urea complexation of seal blubber oil resulted in the concentration of 88.2% total omega 3 fatty acids with 4.5 urea/fatty acid ratio at 24 hours of crystallization time and a temperature of -10°C (Shahidi & Wanasundara, 1998). However, only some reports are available in microalgal PUFA separation using urea crystallization. In Isochrysis galbana urea complexation was used to concentrate PUFA at the urea/fatty acid ratio of 4 and temperature of 4°C (Grima et al., 1995). Mendes et al., (2007) reported 99.2% DHA fraction in NUCF at the urea/fatty acid ratio 3.5 and temperatures of 4 and 8°C. They had observed high fractions of DHA using urea complexation method in C. cohnii (Mendes et al., 2007). 
[bookmark: _Toc38186226][bookmark: _Toc38667503]Conclusion
Urea complexation is the most efficient and cost-effective method to separate PUFA from mixed oils. The ability of urea to form complexes with SFA and MUFAs were used to successfully separate polyunsaturated fatty acids. The long chain PUFAs obtained in the non-urea complexing liquid fraction. Temperature plays an important role in crystallization process and depends on the type of fatty acid to be purified. Urea complexation was done at different complexing temperatures and effective temperature for the separation was found to be 25°C. PUFAs like EPA (C20:5- 59%), Arachidonic acid (C20: 4, 16%) and Linoleic acid (C18:2- 12%) were successfully able to purify using urea complexation method. The purified PUFAs can be used for nutraceutical and pharmaceutical applications.
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[bookmark: _Toc38186227][bookmark: _Toc38667504][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Application of omega 3 fatty acids for the prevention of Alzheimer's disease
[bookmark: _Toc38186228][bookmark: _Toc38667505]Introduction
Alzheimer’s disease (AD) is a major cause of dementia and commonly occurring neurodegenerative disease in elderly people. Prevention of Alzheimer’s is one of the important things which can reduce the side effects of synthetic drugs. Recently, more researchers are focused on high value metabolites from microalgae because of its nutraceutical and pharmaceutical applications. Thus, they are considered as a good source of functional foods. Incidence of dementia causes severe economic imbalances like medical and social care directly or indirect expenses like unpaid caretaking by family and friends. AD is associated with several risk factors such as age, genetic factors and family history (Barnard et al., 2014). Lack of evidence supporting the effect of modifiable factors such as diet, nutritional supplements, herbal preparations, toxins, environmental exposures and medical conditions on the prevention of AD is a major problem in this area of research (Daviglus et al., 2010). Treatment mainly involves the use of drugs that inhibits Aβ formation and tau proteins, β-secretase and acetylcholine inhibitors (Chon et al., 2016).  Use of drugs that specifically block and prevent Aβ formation, aggregation and disassembly will slow down or stop the progression of AD. Inhibitors and modulators of β-secretase and γ-secretase can also slow down AD progression (P Imbimbo & AM Giardina, 2011; Yan & Vassar, 2014). Essential poly unsaturated fatty acids and has an important role in brain development. DHA and EPA are important PUFAs which has been directly linked to brain development and many mechanisms has been postulated for understanding the role of omega 3 fatty acids in neurodegenerative diseases. Microalgae are considered as rich source of omega 3 fatty acids. The major objective of this study is to develop a non-toxic microalgal cell extract for dietary supplementation and prevention of neurodegenerative diseases. The rationale for developing microalgal neuroprotective agents rich in omega 3 fatty acids are based on the established results and experiments in animal models or in in vitro models only. But no such agents have been reported to test in human subjects. N. oceanica extract has the advantages for using in human trials, since it is an edible microalga, currently served as topping in several restaurants. 
SHSY5Y is a human derived neuronal cell line which is commonly used to study different types of NDDs like AD, PD etc. (Agholme et al., 2010). It was originally isolated from bone marrow biopsy of a four year old female child affected with neuroblastoma. The original cell line was initially named as SK-N-SH which is then sub cloned and named as SHSY, further sub cloned to SHSY5 and finally to SHSY5Y (Biedler et al., 1978). This cell line is considered as a significant model to study the mechanism of AD in vitro. Characterization of SHSY5Y cell line showed dopamine β hydroxylase activity and basal noradrenaline release. Hence these properties are widely used as a model to study AD. Therefore, in the present study we decided to examine the changes in cell viability and cell morphology in SHSY5Y cells following to the exposure to DHA, EPA (Purchased from Sigma Aldrich, USA), aqueous microalgal extract and total lipid extract enriched with EPA from microalgae.  These initial screening results can pave way to further study the mechanism of prevention of AD using microalgal extract.
[bookmark: _Toc38186229][bookmark: _Toc38667506]Materials and methods
[bookmark: _Toc38186230][bookmark: _Toc38667507]Microalgal cultivation and sample preparation
N. oceanica CASA CC201 was maintained in axenic conditions by sub culturing every two weeks in D-Walnes medium. Cultures were grown in 400mL D-Walne’s medium in 1-litre flasks and maintained in a growth chamber with 14:10-hour light-dark period and temperature 25°C. 
[bookmark: _Toc38186231][bookmark: _Toc38667508]Crude extract preparation
[bookmark: _Toc38667509]Aqueous extract
To prepare aqueous extract, N. oceanica wet biomass was suspended in distilled water at a concentration of 100mg/mL. The suspension was then sonicated for 3 minutes at 60% amplitude and 30 seconds short bursts with 30 seconds cooling intervals. The extract was then filter sterilized using syringe filter of 0.2μm pore size. The filtrate was stored at 4°C as stock solution. 
[bookmark: _Toc38667510]Total lipid extract
2g dried biomass of N. oceanica was suspended in 25 mL chloroform: methanol (2:1) and 5 mL sodium chloride was added in each tube to break the cell wall and for the release of lipids. The samples were centrifuged at 10000 rpm for 15 minutes, and the lower phase containing total lipids were collected to a pre-weighed 50 mL round bottomed flask. After evaporation, the flasks were weighed again and compared to the previous weight. From this, the weight of the total lipids were calculated. 100 mg/mL stock solution of total lipid was prepared and stored at 4°C for further studies.
[bookmark: _Toc38667511]Fatty acid analysis
Lipid was analyzed using Gas Chromatography Mass Spectroscopy (GC-MS) (Shimadzu QP2020). The capillary column used was stabilwax column (Restek, USA) with 60m length, 0.25mm internal diameter and 0.25µm thickness. The analysis started at 70°C and was increased to 140°C at the rate of 10°C/min and to 240°C at the rate of 3°C/min. After reaching 240°C, the temperature was held stable for 15min before the analysis was terminated. The analysis was performed using NIST 17 mass spectral library and the individual fatty acid was identified based on mass spectrum and retention time.
[bookmark: _Toc38186232][bookmark: _Toc38667512]DHA and EPA stock solution preparation
cis-4,7,10,13,16,19-Docosahexaenoic acid (D2534-25MG) and cis-5,8,11,14,17-Eicosapentaenoic acid (E201125MG) was purchased from Sigma Aldrich, USA. 1mM stock solution of DHA was prepared by adding 3µL of DHA to 997µL DMSO. 1mM stock solution of EPA was prepared by adding 12µL of EPA to 988µL DMSO. Both stock solutions were stored at 4°C for further studies.
[bookmark: _Toc38186233][bookmark: _Toc38667513]Cell culture and maintenance
The human neuroblastoma cell line SH-SY5Y was obtained from American Type Culture Collection (Figure 5.1). 
[image: ]
[bookmark: _Ref38657592][bookmark: _Ref38657554][bookmark: _Toc38667857]Figure 5.1 Microscopic image of SHSY5Y cell line
Cells were grown under 5% CO2  atmosphere at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotic mixture (100 U ml-1 penicillin/100 µg ml-1 streptomycin). The cells were cultured in flat bottom 96 well culture plates one day prior to the conduction of cell viability and imaging experiments.
[bookmark: _Toc38186234][bookmark: _Toc38667514]Experimental treatment for cells
SHSY5Y cells were incubated with different concentrations of DHA (1, 5, 10, 25 and 50μM), EPA (1, 5, 10, 25 and 50μM), aqueous microalgal extract (1, 5, 10, 25 and 50μg) and total lipid extract (1, 5, 10, 25 and 50μg). DMEM medium was used as negative control. 
[bookmark: _Toc38186235][bookmark: _Toc38667515]MTT assay for cell viability
Ability of mitochondrial dehydrogenase enzyme to cleave the tetrazolium salt 3-[4, 5-Dimethylthiazol]-2, 5-diphenyltetrazolium (MTT) was used to determine the cytotoxicity using a colorimetric assay. SHSY5Y cells were collected from T-25 flasks and 1x104 cells were added to flat bottomed 96 well plates and incubated at 37°C with 5% CO2. After reaching 80% confluence in culture medium, the medium was replaced by 100μL medium containing different concentrations of DHA, EPA, aqueous microalgal extract and total lipid extract. The assay was carried out at different time periods of 24, 48 and 72 hours. The cells were observed under microscope to monitor the morphology of cells after treatment. Media was removed after incubation and 100μL MTT was added to the culture with a final concentration of 0.5mg/mL and incubated for 4 hours at 37°C. After incubation, MTT was removed and the cells with dye crystals were solubilized with 100μL dimethylsulphoxide (DMSO). The plates were incubated for 15 minutes in a shaker and the absorbance was measured at 570nm by a micro plate assay reader. The data are representative of six independent experiments. The percentage of cytotoxicity was calculated as follows:-

Statistical Analysis
Six independent experiments were carried out, and the results are represented as a mean value with ± standard deviation as error bars in the figures and standard error in tables.
[bookmark: _Toc38186236][bookmark: _Toc38667516]Results
[bookmark: _Toc38186237][bookmark: _Toc38667517]Effect of EPA and DHA on cell viability of SHSY5Y cells
We had investigated the effect of DHA and EPA (purchased from Sigma Aldrich, USA) on cell viability of SHSY5Y cells (Figure 5.2). The cells were incubated with different concentrations of DHA (1, 5, 10, 25 and 50μM) and EPA (1, 5, 10, 25 and 50μM) for 24, 48 and 72 hours. The cell viability was determined using MTT assay.  The cell viability was not decreased when we are treating 1, 5 and 10μM DHA and EPA after 24 hours of treatment as shown in Figure 5.2. As the concentration of DHA and EPA increases to 25 and 50μM, the cell viability was reduced to 40%. Both DHA and EPA follows almost similar pattern in cell viability. After 48 hours of treatment, in cell viability was not significantly affected up to 10μM in DHA and EPA treated cells compared to control. The viability of cells treated with 25 and 50μM DHA and EPA were found to be increased to 65% when compared to 24 hours of treatment. Here we observed an increase in cell viability after treatment with omega 3 fatty acids. The cell viability was significantly increased after 72 hours of treatment compared to control. Higher concentrations of DHA and EPA (25 and 50μM) significantly increased the viability of SHSY5Y cells even after 72 hours of treatment. After treatment with 25μM EPA we observed a significant increase in cell viability of 113% compared to control. 
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[bookmark: _Ref36742077][bookmark: _Toc38188990][bookmark: _Toc38667858]Figure 5.2 SHSY5Y cells were treated with different concentrations of DHA and EPA (1, 5, 10, 25 and 50μM) and incubated for a) 24 hours; b) 48 hours and c) 72 hours. Cell viability was determined by using MTT assay. Data are expressed as means ±SD. The data are representative of six independent experiments.

[bookmark: _Toc38667518]Effect of DHA and EPA on the morphology of SHSY5Y cells
[image: ]
[bookmark: _Ref36742012][bookmark: _Toc38188991][bookmark: _Toc38667859]Figure 5.3 Effects of different concentrations of DHA on cell morphology of SHSY5Y cells after 1) 24 hour; 2) 48 hour and 3) 72 hour of incubation
We had also observed the morphology of cells after 24, 48 and 72 hours of treatment with DHA (Figure 5.3) and EPA (Figure 5.4). The results similar to the MTT assay can be observed in microscopic observation. Treatment with 25 and 50μM DHA and EPA caused negative effects on the morphology of SHSY5Y cells after 24 and 48 hours of treatment. The cells become more round and aggregated as a result, more cell death was observed. In 72-hour treatment, we can observe more healthy cells in 25 and 50μM DHA and EPA treatment compared to 24 and 48 hours. Treatment with EPA at 48 hour shows more cell proliferation up to 10μM

[image: ]
[bookmark: _Ref36742029][bookmark: _Toc38188992][bookmark: _Toc38667860]Figure 5.4 Effects of different concentrations of EPA on cell morphology of SHSY5Y cells after 1) 24 hour; 2) 48 hour and 3) 72 hour of incubation
[bookmark: _Toc38186238][bookmark: _Toc38667519]Fatty acid composition of algal oil
The fatty acid composition of oil extracted from N. oceanica CASA CC201 was shown in Table 5.1. The microalgal oil was composed of 7.29% Myristic acid (C14:0), 32.19% Palmitic acid (C16:0), 21.57% Palmitoleic acid (C16:1), 1.97% stearic acid (C18:0), 11.03% oleic acid (C18:1), 3.10% linolenic acid (C18:2), 4.84% Arachidonic acid (C20:4) and 16.83% Eicosapentaenoic acid (C20:5). The algal oil was found to be composed of 16% EPA and 25% PUFA. 


	Fatty acid
	%

	C14:0
	7.29

	C16:0
	32.19

	C16:1
	21.57

	C18:0
	1.97

	C18:1
	11.03

	C18:2
	3.10

	C20:4
	4.84

	C20:5
	16.83

	SFA
	48.85

	MUFA
	32.6

	PUFA
	24.47


[bookmark: _Ref38657685][bookmark: _Toc38667896]Table 5.1 Fatty acid composition of lipid extract from N, oceanica CASA CC201
[bookmark: _Toc38186239][bookmark: _Toc38667520]Effect of microalgal extract and total lipid extract on viability of SHSY5Y cells
We had analyzed the effect of microalgal extract and total lipid extract on the viability of SHSY5Y cells using MTT assay. The cells were treated with the microalgal extract and lipid extract and incubated for 24, 48 and 72 hours (Figure 5.5). We had observed that compared to microalgal extract, total lipid extract had positive effects on cell viability of SHSY5Y cells in the treated concentrations and hours. Microalgal extract at concentration of 25 and 50μg significantly reduced cell viability to 75 and 65% after 24 hours of treatment compared to the control. Whereas in case of lipid extract only treatment with 50μg causes significant reduction (56%) in cell viability in comparison with control and other treatments (Figure 5.5). In case of 48-hour, treatment with total lipid extract maintained the cell viability as such up to 25μg treatment. Only slight reduction in cell viability (~20-25%) can be observed in treatment with microalgal extract in comparison with control under 48-hour treatment. During 72-hour treatment, treatment with lipid extract shows decrease in cell viability compared to 48-hour treatment. Treatment with microalgal extract was found to maintain the cell viability similar to 48-hour treatment. 



[bookmark: _Ref36741872][bookmark: _Toc38188993][bookmark: _Toc38667861]Figure 5.5 SHSY5Y cells were treated with different concentrations of  microalgal extract (1,5,10,25 and 50μg) and total lipid extract (1,5,10,25 and 50μg)  and incubated for a) 24 hours; b) 48 hours and c) 72 hours. Cell viability was determined using MTT assay

[bookmark: _Toc38667521]Effect of microalgal extract and lipid extract on morphology of SHSY5Y cells
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[bookmark: _Ref36741847][bookmark: _Toc38188994][bookmark: _Toc38667862]Figure 5.6 Effects of different concentrations of microalgal extract on cell morphology of SHSY5Y cells after 1) 24 hour; 2) 48 hour and 3) 72 hour of incubation
We had observed the morphological changes after treatment with microalgal extract and total lipid extract under different hours of treatment. Treatment with 25 and 50μg microalgal extract after 24, 48 and 72 hours changes the cell morphology to more round cells compared to control, which indicates the cell death (Figure 5.6). In case of total lipid extract, no significant changes in cell morphology were observed under 24 and 48 hours of treatment (Figure 5.7). But treatment with 50μg lipid extract changes the morphology of cells towards round which indicates more cell death compared to control. 
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[bookmark: _Ref36741818][bookmark: _Toc38188995][bookmark: _Toc38667863]Figure 5.7 Effects of different concentrations of lipid extract on cell morphology of SHSY5Y cells after 1) 24 hour; 2) 48 hour and 3) 72 hour of incubation
[bookmark: _Toc38186240][bookmark: _Toc38667522]Discussion
Neurodegenerative diseases (NDDs) are disorders that selectively affect the central nervous system and results in progressive nervous system dysfunction. These are characterized by loss of neuronal cell function and atrophy of the affected nervous system structures, which eventually results in a debilitating and incurable medical conditions. Alzheimer's disease (AD) and Parkinson's disease (PD) are the most common forms of dementia associated with aged people in the world. AD is a multifactorial disease, with no single cause known, and several modifiable and non-modifiable risk factors are associated with its development and progression. The risk factors include oxidative stress, abnormal amyloid β (Aβ) metabolism, tau hyper phosphorylation, reactive glial and microglial changes, and low levels of acetylcholine, accumulation of metals, obesity and loss of synaptic neurons (Cortes et al., 2015). AD is a critical neurological disorder that affects more than 37 million people worldwide and it creates massive economic and societal burden.
Prevention of neurodegenerative diseases is one of the important things which can reduce the side effects of synthetic drugs. Microalgal research has gained much attention recently due to its contribution to the production of renewable fuels and the ability of alga cells to produce several secondary metabolites such as carotenoids, polyphenols, sterols, polyunsaturated fatty acids and polysaccharides. These compounds exhibit several pharmacological activities and possess neuroprotective potential. In our study we had tested the effects of DHA, EPA, aqueous microalgal extract and crude lipid extract on the cell viability of SHSY5Y cell lines. We had used purified omega 3 fatty acids from Sigma Aldrich for the study and compared its effects with aqueous microalgal extract and crude lipid extract. From our study we had found out that aqueous microalgal extract and crude lipid extract are not showing any cytotoxicity effects on SHSY5Y cells compared to control even after 72 hours of treatment. These results can be compared with the effects of commercially purified DHA and EPA. Omega 3 fatty acid enriched microalgal extract and crude lipid extract have efficient protective effects on cell viability of neuronal cells in vitro. 
Prevention of neurodegenerative diseases is one of the important things which can reduce the side effects of synthetic drugs. Recently more researchers are focused on microalgae because of the ability to produce different high value metabolites and bioactive compounds. These metabolites have potential neuroprotective and medicinal properties. Microalgae like Synechococcus sp., Chlamydomonas nivalis and Nostoc ellipsosporum are rich sources of antioxidants and have potential antioxidant activities.  C. vulgaris, H. pluvialis, N. oculata, Neochloris oleoabundans, and Chaetoceros calcitrans have been reported to have potential free radical scavenging activities (Qi et al., 2005). These activities are mainly correlated with the PUFA, pigment and phenolic contents in microalgae. It has been clinically proven that acetyl cholinesterase (AChE) and butyryl cholinesterase (BChE) are the major therapeutic targets for the management of AD (Grossberg, 2003). Metabolites from Picochlorum sp. and Nannochloropsis sp. Shows inhibitory activities against AChE and BChE.  Anticholinesterase activities of different extracts from microalgae could also be correlated with their pigment contents. PUFAs are reported to have the ability to stimulate transmission in cholinergic neurons (Lauritzen et al., 2000). Deficiency of omega 3 fatty acids in diet can cause early  progression of AD (Igarashi et al., 2012). Diets rich in omega 3 fatty acids helps to maintain  membrane fluidity and protect neurons from oxidative damage (Yehuda et al., 2002). Inhibition of beta secretase enzyme is a crucial step in preventing the accumulation of amyloid beta  (Aβ) neurotoxicity caused by its accumulation (Cole & Vassar, 2007). Therefore, beta secretase enzyme inhibitors have important role in the treatment of AD. Extract from plants and its secondary metabolites are reported to prevent Aβ-mediated neuronal damage in AD model rats (Ban et al., 2006). Several reports have revealed the role of macroalgae extracts and their compounds against β -amyloid aggregation and the decrease in β-secretase activity.  N. oceanica is a unicellular microalga with important biotechnological interest due to is high content of lipids with PUFAs. From this study we have found out that aqueous microalgal extract from N. oceanica CASA CC201 can be used as a safe dietary agent for the prevention of neurodegenerative diseases, since it does not show any cytotoxicity effects on SHSY5Y cells. The cells treated with the microalgal extract and lipid extracts and incubated for 24, 48 and 72 hours does not show any significant toxic effects. However, future studies are needed to study the mechanism behind the effect of omega 3 fatty acids on the prevention of Alzheimer’s disease. It has been estimated that neurodegenerative diseases become the most common cause of death among aged people by 2040s (Bjarkam et al., 2001). This has been attracted more researchers for the search of neuroprotective agents from natural sources. Researchers have been developed different natural and synthetic neuroprotective agents, but the latter has been reported to have many adverse effects on health (Narang et al., 2008). The rationale for developing microalgal neuroprotective agents rich in omega 3 fatty acids are based on the established results and experiments in animal models or in in vitro models only. But no such agents have been reported to test in human subjects. N. oceanica extract has the advantages for using in human trials, since it is an edible microalga, currently being served as toppings in the salads the restaurants of Korea and China. In our study, the aqueous microalgal extract showed protective effects on the viability of SHSY5Y neuronal cells. Nannochloropsis oceanica biomass can be directly consumed as food and also a preventive measure for neurodegenerative diseases like AD. 
[bookmark: _Toc38667523]Conclusion
Marine microalgae, Nannochloropsis can be considered as a valuable source of neuroprotective agents, which can be used as functional foods for the prevention and treatment of neurodegenerative diseases. Results from our study indicate that, aqueous microalgal extract and crude lipid extract enriched with omega 3 fatty acids are not toxic to neuronal SHSY5Y cells. The treated compounds are not showing any toxicity effects on cell viability and morphology after 24, 48 and 72 hours of incubation. Further studies are required to identify the mechanism of prevention of Alzheimer’s disease using omega 3 fatty acid enriched microalgal and lipid extract.
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[bookmark: _Toc38667524]Overall summary and future perspectives
[bookmark: _Toc38667525]Overall summary
In order to meet the global population’s nutritional requirements, it is necessary to develop efficient and cost effective sources of essential nutrients. Omega 3 fatty acids are essential dietary fats which has an important role in proper brain development and cognitive functions. Currently fish and fish derived oils are the major sources of omega 3 fatty acids. But decline in fish stocks by overexploitation for industrial applications and the presence of toxic contaminants make them inappropriate for human consumption. Microalgae are the primary producers of omega 3 fatty acids in the aquatic ecosystem. N. oceanica is an edible microalgae with high content of omega 3 fatty acid, EPA and considered as a potential candidate for nutraceutical and pharmaceutical applications. The major challenges associated with the current large scale cultivation techniques of microalgae for high value metabolite production are lower biomass production and higher operational cost. In this study, we had developed an efficient method for large scale cultivation of microalgae for commercial omega 3 fatty acid production. 
Plant growth regulators were used as green environmental friendly agents to enrich omega 3 fatty acid production in N. oceanica CASA CC201 without compromising the growth and biomass productivities. Because for the efficient industrial production, sufficient amount of biomass is very essential. Effects of growth promoting and stress associated PGRs on biomass, lipid, fatty acid profile and EPA production were studied. Among different treatments, growth promoting PGRs, Kinetin and IAA showed increased growth and PUFA production in a concentration dependent manner. Treatment with GA promoted lipid accumulation in the microalgae. Stress associated PGRs like MeJA and SA at higher concentrations promoted oleic acid and EPA production respectively. The significant modification of specific fatty acids were correlated with oxidative stress and endogenous IAA levels. From this study we can conclude that the growth promoting PGRs like kinetin and IAA can be used to enrich omega 3 fatty acid production in large scale cultivation systems with higher biomass production in an environmental friendly approach, and increases the nutraceutical value of N. oceanica CASA CC201 for edible applications. 
For large scale microalgal cultivation, we had developed an optimized media with PGRs using statistical tools, Plackett-Burman and Response surface methodology. Designed PB model was found to be significant for biomass (396mg/L), lipid (254mg/L) and EPA (5.6%) production with a p value <0.05. Significant factors contributing to higher biomass production in PB are NaH2PO4, GA, Kinetin, NaNO3, CuSO4+ZnSO4 and Na-EDTA. Significant factors observed for lipid production were FeCl3, NaH2PO4, GA and IAA. In case of EPA production also FeCl3 contributes to a major significant factor followed by NaNO3. The major objective of this study is to formulate a medium for EPA production without compromising the growth properties in a cost-effective manner. Further we had formulated a new media using RSM to achieve the same goal and the significant variables selected were NaNO3, NaH2PO4 and IAA. The model was found to be significant for EPA production (16.72%) with a biomass production of 893 mg/L and lipid production of 320 mg/L (p value <0.05). The newly engineered medium is efficient for achieving high omega 3 fatty acid production without compromising the biomass and lipid productivities of N. oceanica CASA CC201. Thus for large scale cultivation systems, the engineered media can be successfully used to achieve high biomass and omega 3 fatty acid production for nutraceutical and pharmaceutical applications. 
Purification of PUFAs or omega 3 fatty acids are very necessary for specific medical and pharmaceutical applications. Concentration of EPA and other bioactive PUFAs by urea complexation is a simple, inexpensive and highly efficient method which can be used for food and industrial applications. We had successfully purified PUFAs from the total fatty acid pool of N. oceanica CASA CC201 using urea complexation. Temperature and volume of fatty acids play an important role in the crystallization process. The optimal conditions for laboratory scale purification was found to be 25℃ and 200 µL FAME. Total PUFA content was increased from 13.72% to 78.69% in the NUCF with 200 μL FAME at 25°C. EPA was enriched from 16.83% to 58.54%. AA content was increased from 4.84% to 16.08% in the NUCF. The purified PUFAs can be used for nutraceutical and pharmaceutical applications.
Microalgae are considered as a rich source of high value metabolites which possesses many pharmacological and neuroprotective activities. N. oceanica is considered as a rich source of essential omega 3 fatty acid EPA and have the ability to use as a potential feed stock for functional foods and nutraceutical applications. N. oceanica is an edible marine microalgae and the biomass can be used directly for the prevention of neurodegenerative diseases like AD. Role of omega 3 fatty acids in brain development and neurodegenerative diseases are already well established. As an initial screening study, we had analyzed the effect of aqueous microalgal extract and lipid extract on the viability of neuronal cell line SHSY5Y and compared it with the effects of commercially purified DHA and EPA. We had found that the aqueous microalgal extract and lipid extract are not toxic to the cells even after 72 hours of treatment. Use of aqueous extract help to eliminate the toxic effects of solvents used for clinical studies and can be used as a nontoxic edible dietary source for the prevention of neurodegenerative diseases. Further studies are needed to understand the role of microalgal extract on prevention of neurodegenerative diseases in future. 
[bookmark: _Toc38667526]Salient findings and future perspectives of the study
· Growth promoting PGRs like kinetin and IAA can be used to enrich omega 3 fatty acid production in large scale cultivation systems with higher biomass production in an environmental friendly and cost effective manner. 
· Newly formulated medium using RSM with NaNO3, NaH2PO4 and IAA can be successfully used to achieve high biomass and omega 3 fatty acid production for nutraceutical and pharmaceutical applications.
· Aqueous extract of N. oceanica CASA CC201 biomass was found to be nontoxic to the viability of neuronal cell lines. 
· Several reports have revealed the role of microalgae extracts and their compounds against β -amyloid aggregation and the decrease in β-secretase activity. However, the exact mechanisms behind the prevention of Alzheimer’s disease by supplementing edible microalgae rich in omega 3 fatty acids are not clearly understood. Future studies are required to analyze the role of omega 3 fatty acid enriched microalgal extract on two Alzheimer’s disease markers Membralin and Nicastrin and their preventive mechanisms.
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	2.
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	3
	BIO-NIIST-369
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	Level 400
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	Completed

	2.
	BIO-NIIST-4-0002
	Review and comprehensive viva
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	CSIR 800
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Cultivation of N. oceanica using PGRs individually to study the specific effects on growth and omega 3 fatty acid production


Media engineering with staistical tools using PGRs for formulation of suitable medium for EPA production 


Purification of PUFAs using urea complexation method


Analysis of neuroprotective effects of omega 3 fatty acids on the cell viability of SHSY5Y cells













Protein


Essential aminoacids, Mycosporine like aminoacids (MAAs)


Lipids


 Poly unsaturated fatty acids  (Omega 3 and Omega 6 fatty acids DHA, EPA and ARA)


Other bioactive molecules


Essential vitamins and minerals (A, B1, B2, B6, B12, C, E, Biotin, Folic acid etc. 


Carbohydrate


Polysaccarides (Starch, Glucose, Sugars and Sulphated polysaccharides


Pigments (Chlorophylls, Carotenoids and Phycobiliproteins















Active at very low concentrations 


Suitable for large scale cultivation


Can be used for edible applications 


Cost effective






Microalgal extract	1.32	25.59	14.56	11.15	13.93	9.93	1.32	25.59	14.56	11.15	13.93	9.93	Control	1µg	5µg	10µg	25µg	50µg	100	95.790999999999997	90.141999999999996	74.853999999999999	74.277999999999992	65.509	Lipid extract	1.32	10.200000000000001	12	9.98	14.33	6.35	1.32	10.200000000000001	12	9.98	14.33	6.35	Control	1µg	5µg	10µg	25µg	50µg	100	99	99	94.903000000000006	85.679999999999978	56.949999999999996	Concentration

% cell viability



Microalgal extract	2.8000000000000001E-2	7.92	8.94	11.5	9.91	6.0439999999999996	2.8000000000000001E-2	7.92	8.94	11.5	9.91	6.0439999999999996	Control	1µg	5µg	10µg	25µg	50µg	100	79.510000000000005	90.86999999999999	81.88	77.52	73.8	Lipid extract	2.8000000000000001E-2	11.56	9.39	13.860000000000024	7.14	8.7199999999999989	2.8000000000000001E-2	11.56	9.39	13.860000000000024	7.14	8.7199999999999989	Control	1µg	5µg	10µg	25µg	50µg	100	97.73	94.14	90.19	97.32	74.569999999999993	Concentration

% cell viability


Microalgal extract	2.0000000000000011E-2	13.59	5.22	9.620000000000001	9.94	4.8069999999999995	2.0000000000000011E-2	13.59	5.22	9.620000000000001	9.94	4.8069999999999995	Control	1µg	5µg	10µg	25µg	50µg	100	100	79.53	80.19	75.669999999999987	70.13	Lipid extract	2.0000000000000011E-2	6.5510000000000002	11.1	7.9300000000000024	6.4300000000000024	11.668000000000001	2.0000000000000011E-2	6.5510000000000002	11.1	7.9300000000000024	6.4300000000000024	11.668000000000001	Control	1µg	5µg	10µg	25µg	50µg	100	100	85.53	82.75	88.82	60.949999999999996	


0.5	1	1.5	2	2.5	3	3.5	4	4.5	5	7.7999999999999962E-3	9.6999999999999968E-3	7.7500000000000017E-3	1.8800000000000008E-2	1.9850000000000003E-2	2.6900000000000004E-2	2.9650000000000006E-2	3.960000000000001E-2	3.4650000000000014E-2	4.0750000000000008E-2	H2O2 (μM)
Absorbance at 390nm

0	0.1	0.5	1	4	7	10	20	0	4.000000000000001E-3	1.8000000000000006E-2	3.6000000000000011E-2	0.18600000000000003	0.31700000000000006	0.46200000000000002	0.90450000000000008	O2- (μM)
Absorbance at 530nm

Control	0	3	6	9	12	15	18	30	69.2	195	362.25	398	375	250.5	0.215ppm	0	3	6	9	12	15	18	30	71.25	308	499	521.25	496.25	357.25	0.43ppm	0	3	6	9	12	15	18	30	75.5	205.25	447.5	485.2	435.25	298	0.645ppm	0	3	6	9	12	15	18	30	68.75	198	395.75	402.25	375	237.5	0.86ppm	0	3	6	9	12	15	18	30	70.25	171	375	395.2	325.25	225	1.075ppm	0	3	6	9	12	15	18	30	67.5	142.5	196.75	200.5	176.25	139.5	Days
106 cells/ml
control	0	3	6	9	12	15	18	30	75.2	169	323.75	387.5	359	320	10ppm	0	3	6	9	12	15	18	30	59.5	89	151	196	229	224	20ppm	0	3	6	9	12	15	18	30	60.5	86.5	160	205	234	229	30ppm	0	3	6	9	12	15	18	30	59.5	79	162	204	238	232	40ppm	0	3	6	9	12	15	18	30	59	81	175	229	257.5	248.5	50ppm	0	3	6	9	12	15	18	30	66.5	68	167	212	241	235	Day
106 cells/ ml
Control	3	6	9	12	15	18	21	24	27	9.8000000000000007	94.75	129.5	173	182.75	242.75	232	215.5	203.75	10ppm	3	6	9	12	15	18	21	24	27	7.5	53.25	311.75	391.25	429.25	480.75	574	579.5	560.5	20ppm	3	6	9	12	15	18	21	24	27	7	50	301	384.75	423	472.75	565	571.75	551.5	30ppm	3	6	9	12	15	18	21	24	27	6.25	40.5	285.25	367.5	400	451.25	560.25	582	549	40ppm	3	6	9	12	15	18	21	24	27	6.5	36.5	267	298	338	420.75	527.25	551.75	527.75	50ppm	3	6	9	12	15	18	21	24	27	5.25	33.25	152.75	185.5	205	315	510.75	531.5	524.5	Days
106cells/ml

Control	0	0.5	1	2	5	4.2	3	5	0	0.5	1	2	5	4.2	3	5	0	3	6	9	12	15	18	21	0	6	12.8	15.2	20.399999999999999	28.5	35.6	33	2.5ppm	0	1	3	1.5	3	3.75	5	8	0	1	3	1.5	3	3.75	5	8	0	3	6	9	12	15	18	21	0	4.2	20	24	40	45	56	60	5ppm	0	0.2	2	3	7	5.6	7	1.4	0	0.2	2	3	7	5.6	7	1.4	0	3	6	9	12	15	18	21	0	4.8	19	23	37.4	51.1	68	71	10ppm	0	0.75000000000000666	4	4.2	1.2	4.8	4	2.5	0	0.75000000000000666	4	4.2	1.2	4.8	4	2.5	0	3	6	9	12	15	18	21	0	5.5	24	33	45	60.8	77.3	75.599999999999994	20ppm	0	0.70000000000000062	2	2	1	3.2	2	3	0	0.70000000000000062	2	2	1	3.2	2	3	0	3	6	9	12	15	18	21	0	5.3	20	27.3	42.3	44.7	58.1	56.7	40ppm	0	5.0000000000000093E-2	0.5	1	2	1	1	4	0	5.0000000000000093E-2	0.5	1	2	1	1	4	0	3	6	9	12	15	18	21	0	2.4	3.8	11	16.399999999999999	16.7	25.6	40	60ppm	0	7.0000000000000034E-2	2.0000000000000042E-2	8.0000000000000168E-2	1	0.8	1	2	0	7.0000000000000034E-2	2.0000000000000042E-2	8.0000000000000168E-2	1	0.8	1	2	0	3	6	9	12	15	18	21	0	1.6	2	2.2999999999999998	5.3	11.1	17	21	Days
106 cells/mL
Control	0	1	7.0000000000000021E-2	1	2	2.5	2.9	1.9000000000000001	0	1	7.0000000000000021E-2	1	2	2.5	2.9	1.9000000000000001	0	3	6	9	12	15	18	21	0	6	12.8	15.2	20.399999999999999	28.5	35.6	33	2.5ppm	0	0.8	1.2	2.1	3.1	0.60000000000000064	1.2	4	0	0.8	1.2	2.1	3.1	0.60000000000000064	1.2	4	0	3	6	9	12	15	18	21	0	4.4000000000000004	17.600000000000001	22.9	30.3	42.6	49	49.5	5ppm	0	0.2	1.2	1.5	2.5	3.1	4.2	2.9	0	0.2	1.2	1.5	2.5	3.1	4.2	2.9	0	3	6	9	12	15	18	21	0	3.9	18.899999999999999	19.899999999999999	35.700000000000003	48.3	55	54	10ppm	0	0.4	2	1.2	2.5	4	1.3	2	0	0.4	2	1.2	2.5	4	1.3	2	0	3	6	9	12	15	18	21	0	3.6	11.2	24.2	31.2	36.9	41	42.7	20ppm	0	7.0000000000000021E-2	1	2	1.5	2	1.9000000000000001	2	0	7.0000000000000021E-2	1	2	1.5	2	1.9000000000000001	2	0	3	6	9	12	15	18	21	0	2.8	9.1	18.5	35.300000000000004	33.9	38	36	40ppm	0	0.5	1	2	1	0.75000000000000688	1	2	0	0.5	1	2	1	0.75000000000000688	1	2	0	3	6	9	12	15	18	21	0	1.2	1.5	3.6	4.5	6.3	6.6	13	60ppm	0	0.5	0.5	0.4	1	0.5	1	0.8	0	0.5	0.5	0.4	1	0.5	1	0.8	0	3	6	9	12	15	18	21	0	0.5	0.4	1.1000000000000001	1.5	2.4	2.4499999999999997	6	Days
106 cells/mL
MeJA	3.5250000000000012E-3	4.6999999999999993E-3	1.7500000000000412E-4	2.5500000000000002E-3	1.7999999999999995E-3	1.1750000000000141E-3	5.4250000000000114E-3	3.5250000000000012E-3	4.6999999999999993E-3	1.7500000000000412E-4	2.5500000000000002E-3	1.7999999999999995E-3	1.1750000000000141E-3	5.4250000000000114E-3	control	2.5	5	10	20	40	60	35.391971982758605	47.70820850808861	45.805317848411271	60.787211176786755	69.512862616310841	14.899380804953562	15.460259529602753	SA	4.7699999999999999E-3	4.3500000000000014E-3	7.1500000000000114E-3	2.4199999999999998E-3	4.4000000000000124E-3	4.7699999999999999E-3	1.0749999999999999E-2	4.7699999999999999E-3	4.3500000000000014E-3	7.1500000000000114E-3	2.4199999999999998E-3	4.4000000000000124E-3	4.7699999999999999E-3	1.0749999999999999E-2	control	2.5	5	10	20	40	60	31.557584982242531	50.481988838153221	48.069941916747347	53.789517569982124	51.178942115768457	20.271260997067447	27.510389610389609	PGR Conc. (ppm)

H2O2 (µm/gFW)



MeJA	1.4999999999999996E-3	1.4999999999999996E-3	5.0000000000000131E-4	5.5000000000000014E-3	1.0000000000000041E-3	5.0000000000000131E-4	4.5000000000000083E-3	1.4999999999999996E-3	1.4999999999999996E-3	5.0000000000000131E-4	5.5000000000000014E-3	1.0000000000000041E-3	5.0000000000000131E-4	4.5000000000000083E-3	Control	2.5	5	10	20	40	60	6.1063218390804455	6.7904933093668793	7.4707959793534409	6.5675562720161	7.4195706379614368	22.624500000000001	23.970399999999689	SA	1.4999999999999996E-3	2.4999999999999992E-3	2.5000000000000092E-3	3.4999999999999996E-3	1.5000000000000221E-3	1.4499999999999878E-2	5.0000000000000131E-4	1.4999999999999996E-3	2.4999999999999992E-3	2.5000000000000092E-3	3.4999999999999996E-3	1.5000000000000221E-3	1.4499999999999878E-2	5.0000000000000131E-4	Control	2.5	5	10	20	40	60	6.5507684555304024	7.6306158997119065	8.9070048309178755	8.7673154480098159	12.429378531073445	30.167835139154832	18.621973929236997	PGR Conc. (ppm)

O2- (µm/gFW) 



MeJA	1.9000000000000235E-2	7.0000000000000114E-3	4.7999999999999814E-2	8.0000000000000227E-3	3.9000000000000645E-2	1.2000000000000021E-2	2.2000000000000092E-2	1.9000000000000235E-2	7.0000000000000114E-3	4.7999999999999814E-2	8.0000000000000227E-3	3.9000000000000645E-2	1.2000000000000021E-2	2.2000000000000092E-2	Control	2.5	5	10	20	40	60	3.7068965517241352	4.1461953265428342	5.4523227383863109	4.9865663621708824	5.9003831417624504	7.4079422382671476	8.386050283860504	SA	4.0000000000000114E-3	2.4999999999999992E-3	3.6000000000000011E-2	1.9999999999999941E-2	7.0000000000000114E-3	2.0500000000000008E-2	5.5000000000000014E-3	1.9000000000000235E-2	7.0000000000000114E-3	4.7999999999999814E-2	8.0000000000000227E-3	3.9000000000000645E-2	1.2000000000000021E-2	Control	2.5	5	10	20	40	60	3.6812144212523812	3.6318096430807767	4.2579837194740096	4.3686006825938914	4.4800000000000004	4.9909584086799281	2.6666666666666665	PGR Conc. (ppm)

OH- (Abs.100/gFW) 



MeJA	1.7627446350258466E-2	0.27	0.24000000000000021	0.30819680862764803	0.40487415796900883	0.21534523106168826	0.36192488466939626	1.7627446350258466E-2	0.27	0.24000000000000021	0.30819680862764803	0.40487415796900883	0.21534523106168826	0.36192488466939626	Control	2.5	5	10	20	40	60	1.1558662463800558	1.1193161728307801	1.5523313328374038	1.5495329915922642	2.3602223652798977	3.1689190625541692	1.6459195402298854	 SA	0.125	0.59199999999999997	0.18800000000000044	0.32880000000000564	0.17990000000000203	0.4546	0.1138	0.125	0.59199999999999997	0.18800000000000044	0.32880000000000564	0.17990000000000203	0.4546	0.1138	Control	2.5	5	10	20	40	60	1.125	1.5694999999999832	1.2092999999999781	1.5521	2.0357999999999987	2.3536999999999977	1.1647000000000001	PGR Conc. (ppm)

MDA (μM/gFW)



MeJA	0.17590000000000044	4.3650000000000161E-2	0.10350000000000002	2.5850000000000001E-2	4.0000000000000114E-3	4.0800000000000003E-2	2.1950000000000001E-2	0.17590000000000044	4.3650000000000161E-2	0.10350000000000002	2.5850000000000001E-2	4.0000000000000114E-3	4.0800000000000003E-2	2.1950000000000001E-2	control	2.5ppm	5ppm	10ppm	20ppm	40ppm	60ppm	21	0.38000000000000411	4.45	28.84	36	103.05	41.690000000000012	SA	3.3349999999999935E-2	4.1250000000000016E-2	4.6700000000000082E-2	1.8599999999999974E-2	0.14520000000000041	5.8299999999999894E-2	0.15230000000000021	3.3349999999999935E-2	4.1250000000000016E-2	4.6700000000000082E-2	1.8599999999999974E-2	0.14520000000000041	5.8299999999999894E-2	0.15230000000000021	control	2.5ppm	5ppm	10ppm	20ppm	40ppm	60ppm	16.5	1.5	6	13.5	27	44	28.5	PGR conc.

IAA (ng/mL)
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