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Abstract 

Abstract 

Microalgae are present in all existing earth ecosystems, not just aquatic but also terrestrial 

lands, represent a huge diversity of species living in a wide range of environmental 

conditions. Microalgal species are widely identified as a potential and talented resource 

of organic material to produce biofuel as a renewable source of energy in today's 

scenario because microalgae are exceedingly rich in oil, and can be used as a source for 

the production of biofuel if we can have a suitable algal strains which possess high 

amounts of total lipids or are capable of rapid accumulations of large quantities of neutral 

lipids under different culture conditions. To meet the current needs, we need to make the 

algae resistant to different adverse environments and increase the lipid contents of 

selected algae. The aim of the present work was to study the effects of high temperature 

and nitrogen concentration on the growth and lipid content of different mutant strains of 

Chlamydomonas reinhardtii for their possible utilization as novel crude materials for 

production of biodiesel. In addition, the contents of the carbohydrates, proteins, 

chlorophyll a, chlorophyll b, carotenoids and biomass were also identified. Initially 

different lipid extraction techniques were explored. The extracted lipids were 

quantitatively analyzed by gravimetric method, to check their suitability as per the 

European Standard for Biodiesels. Fourier transform infrared spectroscopy (FTIR) was 

used to determine lipid and carbohydrate content over time in the freshwater microalgae 

C. reinhardtii in batch culture at 25 and 33 DC. 

We used Yellow in Dark Mutants C. reinhardtii and were grown in different nitrogen 

concentrations (0-0.50 mg/L NH4N03) to check its effects on lipid content and growth. 

The contents of lipid in microalgae were strongly induced by an increase in temperature 

from 25 to 33 Dc. Similarly, we observed 1 to 1.6 fold increase in the lipid contents when 

treated with NH4N03 with respect to the optimal growth conditions. Taking these growth 

rates and the lipid accumulations into consideration, these strains were considered having 

significant potential for biofuel production and applications. In addition, different lipid 

productivities of these strains were also further investigated. 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
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Chapter 1 Introduction 

Introduction 

Global warmmg and the exhaustion of fossil fuels are major world-wide problems. 

Energy demand is increasing day by day and human are aggressively using fossil fuels to 

fulfill their needs due to which it is unsustainable, because of the increasing level of 

consumption and inadequacy of novel sources for these non renewable. The increasing 

demand of energy is making scientist, to find an alternative reliable energy source like 

solar, water, wind and biomass to replace fossil fuels. 

The transesterification of fats and oils derived a fuel called biodiesel and it is biologically 

fully degradable. Different kind of materials such as plants, microalgae, and animal fat 

has been undertaken as an alternative energy source for the production of biodiesel 

(Vasudevan and Briggs, 2008). The derivates of biofuel are sugar, starch and lipid rich 

substance, substitutes of liquid fossil fuels. These substances can be obtained from 

feedstock like cereal crops, together with corn and wheat (Nichols and Bothast, 2008), 

sugar crops, sorghum, sugarcane; energy crops, such as switch grass, horticultural waste 

products, such as straws and dried leaves of corn, domestic wastes and many marine 

species. Presently a great amount of ethanol can be obtained from corn and sugarcane as 

a derivative fuel , and is substitute for gasoline. In particular, biodiesel has two important 

advantages, the reduction of carbon dioxide and as alternative for petroleum (Chisti, 

2008). 

Studies conducted by A wang and May (2007) have demonstrated that palm oil can be 

utilized as natural friendly substituent source of fuel. Biodiesel produced from waste 

cooking oil has less amount of sulfur content than existing diesel fuel has also been 

proved and the aggregation of carbon mono oxide and hydrocarbon emissions have also 

decreased significantly (Najafi et al., 2007). Due to their competition for land and water 

used for agricultural purposes, these sources of fuels are not advantageous for expansive 

scale biodiesel production (Takeshita, 2011). So as to decrease the expense of biodiesel 

production, ease waste materials are required as feedstock which will make environment 

friendly fuel and in addition reduces the contamination capability of the waste products 

(Ghaly et al., 2010). Less amount of solid particles are present in the exhaust fume in 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
reinhardtii 1 



Chapter 1 Introduction 

examination with the standard fossil diesel fuel (naphtha) and the substance of polycyclic 

aromatic hydrocarbons in fumes gasses with endorsed mutagenic and carcinogenic 

impacts is essentially lower. The carbon dioxide (C02) produced in the burning ofbiofuel 

enters a close cycle with a comparable sum bound by photosynthesis; in spite of the fact 

that it has no contribution to the effect of greenhouse (Cvengros and Cvengrosova, 2004). 

Numerous physiological and chemical conditions have been tried to recover or improve 

atmospheric CO2. In organic methodologies, microalgae have all the remarks of being 

photosynthetically more effective than physical plants and are productive CO2 fixers 

(Brown and Zeiler, 1993). Microalgae are the most efficient and fastest growing 

photosynthesizing organisms. Diatom algae can produce 46 tons of oillha/year 

approximately. Different quantity of oil is produced from different algae species. Up to 

50% oil by weight is produced by some algae (Demirbas, 2009). In algal oil the most 

important difference is in productivity, and consequently the productivity of biodiesel. 

The yield (per acre) of oil acquired from micro algae is over 200x that from the best­

performing plant/vegetable oils according to some evaluations (Sheehan et al., 1998) . 

The great biodegradability of biodiesel fuels in aqueous climate and soil was confirmed 

by many researchers. The biodegradability was also seen in variety of biodiesel and 

diesel fuel (Pasqualino et a!., 2006). The trials intended for vegetable oils, in which oiled 

shores were cleaned, have demonstrated the capacity of biodiesel, to upgrade the 

biodegradability of mineral oils. The production of biodiesel from vegetable starting 

point appears to improve the biodegradability as rather than edible oils (Pereira and 

Mudge, 2004). Transesterification is a chemical reaction through which biodiesel is 

produced (Ramos et a!., 2009). Acid or base are used to catalyze transesterification 

generally, However basic catalysis (sodium or potassium hydroxide or the comparing 

alkoxides) is a much speedier process than acidic catalysis in homogeneous catalysis 

(Freedman et a!., 1984). 

1.1 Microalgae 

Microalgae are defined as unicellular or simple multicellular photosynthetic 

microorganisms that are able to cultivate quickly as well as survive during bitter 

conditions because of their unicellular or simple multicellular organization. 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
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Chapter 1 Introduction 

Cyanobacteria (Cyanophyceae) are examples of prokaryotic microorganisms and green 

algae (Chlorophyta) and diatoms (Bacillariophyta), are examples of eukaryotic 

microalgae. Microalgae are explained in more detail by Richmond (2008). 

Microalgae can be found in all existing earth ecosystems, both in aquatic and terrestrial, it 

represents different types of species living in a large range of environmental conditions. 

According to rough estimation more than 50,000 species of microalgae exist, but round 

about only 30,000, have been studied and analyzed (Richmond, 2008). 

For instance, almost 30 to 50 percent of the environmental net photosynthetic yield (the 

variation among respiration and autotrophic gross photosynthesis) is derived from marine 

ecosystem and depends on phytoplankton biomass (Boyce et at. , 2010; Field et aI. , 1998). 

Acknowledgment has been gained by the immense capability of microalgae as feedstocks 

for the production of inexhaustible biodiesel currently (Hu et aI., 2008; Scott et aI., 2010; 

Wijffels and Barbosa, 2010). Single celled micro algae are capable of utilizing sunlight 

and CO2 for the production of energy rich biochemical compounds, like lipids and 

carbohydrates (CHO), that could be transformed into a source of energy (Hu et al., 2008; 

Rodolfi et aI., 2009; Wijffels and Barbosa, 2010). While, due to restrictions in the 

organic profitability of strains, culturing system and extraction processes manufacturing 

of industrial algal biodiesel could be presently caught up (Hu et al., 2008; Scott et aI., 

2010; Sheehan et aI. , 1998; Wijffels and Barbosa, 2010). Since currently anticipated, a 

multidisciplinary approach, as well as advancement in fundamental biology and 

metabolic engineering of algal strains including culturing system, bioprocessing and 

coordinated biorefinery outline, might be mandatory. to understand rnicroalgae maximum 

capacity as economical biofuel sources. 

The most desirable characteristics of algal strains includes fast development rate, high 

productivity, tolerance to changes in natural conditions, resistance to predators and 

infections, as well as easiness to harvesting and extractions (Griffiths and Harrison, 2009; 

Radakovits et aI., 2010; Rodolfi et al., 2009). Another important characteristic for the 

production of biodiesel from algae is the appropriateness of the lipid synthesis, with 

triacylglycerols (TAGs) that is the best substrate (Radakovits et al., 2010; Schenk et aI. , 

2008). In ideal development circumstances algae can synthesized, unsaturated fats 

Effect of Heat and Nitrogen Stress 011 Growth and Lipid Contents of Chlamydomonas 
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Chapter 1 Introduction 

essential for esterification into glycerol based layer lipids (Gus china and Harwood, 2006; 

Hu et aI., 2008; Khozin-Goldberg and Cohen, 2011). On the other hand in numerous 

algal species factors like temperature, irradiance and nutrients accessibility affects both 

lipid composition and lipid contents (Guschina and Harwood, 2006; Hu et al., 2008; 

Khozin-Goldberg and Cohen, 2011; Siaut et aI., 2011). With some natural hassles (for the 

most part supplement confmement), a variety of algae collect vitality rich complex like 

starch and TAGs (Fan et al., 2011; Guschina and Harwood, 2006; Hu et aI., 2008; Li et 

aI., 2010; Moellering and Benning, 2010; Rodolfi et aI., 2009; Siaut et aI., 2011; Wang et 

aI., 2009; Work et aI., 2010). Fatty acids seems as a common precursors in support of 

development of both membrane lipids (required for development) and TAGs (concerned 

in energy storage and fatty 49 corrosive homeostasis), however it is still needed to 

cleared that in what manner micro algal cells sort out division of the above precursors to 

various destinations because of natural boost (Gus china and Harwood, 2006; Hu et al., 

2008; Radakovits et al., 2010; Sheehan et aI., 1998). In various algae, lipid content and 

biomass productivity appeared to be conversely interrelated in an interesting manner (Hu 

et aI., 2008; Rodolfi ·etal., 2009; Sheehan et aI., 1998) and deficiency of supplement 

encourages TAG gathering yet at the consumption of development (Li et aI., 2011; 

Rodolfi et aI., 2009). 

To improve algal strains performances, a more noteworthy comprehension of carbon 

distribution among biosynthetic pathways and administrative systems controlling this 

dispersion is required, primarily in response to ecological burdens. Through direct 

building of single lipid biosynthesis segments the present requirement is agam 

highlighted with inadequate achievement in rising entire oil content in higher plants and 

microalgae (Durrett et al., 2008; Li et al., 2010; Radakovits et al., 2010; Work et at., 

2010). The single celled micro alga C. reinhardtii emerges as a standard organism for the 

study of various parameters like; microalgae physiology, photosynthesis, metabolism, 

structure and function of flagella (Harris, 2001; Merchant et aI., 2007). Its atomic, plastid 

and mitochondrial genomes had been sequenced and an arrangement of genomic, sub­

atomic and hereditary instruments are likewise existing for this specie (Grossman et al., 

2007; Harris, 2001; Merchant et al., 2007). Under nitrogen limitation or salt stress 
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Chapter 1 Introduction 

Chlamydomonas is shown to accumulate important amount of TAGs (Dean et a!. , 2010; 

Fan et ai., 2011; James et ai. , 2011; Li et a!., 2010; Moellering and Benning, 2010; Siaut 

et ai., 2011; Wang et ai. , 2009; Work et a!. , 2010). While, majority of experiments 

characterizing storage lipid production in C. reinhardtii had been approved under 50 

photo heterotrophic conditions, in media having acetate (Fan et a!. , 2011 ; James et ai., 

2011 ; Li et a!. , 2010; Moellering and Benning, 2010; Siaut et a!. , 2011 ; Wang et al., 

2009; Work et al., 2010). 

Somewhat everywhere throughout the world, other algal accumulations demonstrate for 

the significance that algae have ascended, for a wide range of creation purposes. The 

collection of the Goettingen University, Germany (SAG) is an example, which began 

during mid of 1920s and have around about 2213 strains and 1273 species. Around 77% 

of the considerable numbers of strains in the SAG accumulation are microalgae and 

around 8% cyanobacteria (61 genera and 230 strains). It consists of both saline and 

freshwater red algae. 

The University of Texas Algal Culture Collection is another extremely surely understood 

collection of algal cultures which has been established in 1953. This incorporates 2300 

unique freshwater algal strains (edaphic green growth and cyanobacteria), however 

incorporates agents of the majority of algal taxa and includes numerous aquatic 

macrophytic green and red algal species. 

In the Asian landmass, the National Institute for Environmental Studies (NIES), in 

Ibaraki, Japan, had round about 2150 strains, having almost 700 types of diverse algae. 

The CSIRO Collection of Living Microalgae (CCLM), at Australia had round about 800 

strains of distinctive algae, as well as agents from larger part of classes of some of marine 

and some freshwater microalgae, most of which were obtained from Australian waters. 

1.2 Advantages of Using Microalgae for Biodiesel Production 

According to most of the researchers reports as well as publications micro algae IS 

advantageous for the production of biodiesel in comparison with other available 

feedstocks (Chisti, 2007; Hossain et a!., 2008; Hu et a!., 2008; Li et ai., 2008; Rodolfi et 

a!., 2009; Rosenberg et a!., 2008; Schenk et a!., 2008; Tsukahara and Sawayama, 2005). 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
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Chapter 1 Introduction 

From a practical point of view microalgae can grow easily without giving much attention 

in water that is incompatible for human consumption, they can also be easily cultivated 

and easy to obtain nutrients. 

Photosynthesis is a factor that reproduce micro algae by converting sunlight energy into 

chemical energy, and repeat its growth cycle in a few days (Sheehan et at. , 1998). 

Moreover they can grow almost anywhere, requiring sunlight and some simple nutrients, 

although the growth rates can be accelerated by the addition of specific nutrients and 

sufficient aeration (AsIan and Kapdan, 2006; Pratoomyot et aI., 2005; Renaud et aI. , 

1999). 

Various algal species can be modified to survive in different ecological circumstances. 

Therefore, it can be feasible to discover species that are suitable to restricted environment 

or particular characteristics of growth, which cannot be feasible doing among recent 

biodiesel feedstocks (e.g. soybean, rapeseed, sunflower and palm oil). 

The growth rates and productivity are much higher in comparison to conservative 

forestry, horticultural crops, and other aquatic plants, and also require small region as 

compared to additional biofuel feedstocks of agricultural origin, upto 49 or 132 folds 

fewer in comparison to soybean crops, for a 30% (w/w) of oil contents in algal biomass 

(Chisti, 2007). Thus, the struggle intended for arable soil among different crops is greatly 

reduced for human consumption. 

For a variety of renewable fuels microalgae can provide feedstocks, for example, 

biodiesel, methane, hydrogen, ethanol, in comparison to others. Algal biofuel do not have 

sulfur and execute like petroleum diesel, whereas emission of particulate matter is 

reduced, CO, HCs, and S02. Yet emission ofN02might be elevated among several types 

of engine (Delucchi and Model, 2003). The use of microalgae for biofuels generation can 

likewise fill different needs. A few conceivable outcomes presently being considered are 

listed below. 

Expulsion of CO2 from industrial flue gasses by niicroalgae bio-fixation (Wang et at., 

2008) decreasing the GHG outflows of an organization or process while delivering 

biodiesel (Directive 2003/30/EC). Waste water administration by removal of ammonium 
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nitrate, nitrous oxide, phosphate (NH/, NO, P04-
3

) , making algae to develop utilizing 

these water contaminations as supplements (Wang et al., 2008). After oil extraction the 

subsequent algae biomass can be processed into ethanol, methane, utilized as organic 

fertilizer because of its high N :P propOliion, or basically burned for cogeneration of 

energy (Wang et al., 2008). The capacity of developing under vigorous situations, and 

their decreased requirements intended for supplements, it might be developed within 

range that is inappropriate for farming purposes independent of regular climate 

variations; therefore they do not compete for use of arable land, and also able to utilize 

wastewaters as the culture medium without demanding utilization of freshwater. Different 

compounds might be removed depending upon the microalgae species, by means of 

profitable applications of various industrial sectors, along with a wide range of fine 

chemicals and bulk products, for example, F As, polyunsaturated unsaturated fats , oil, 

characteristic colors, sugars, pigments, cancer prevention agents, high-value bioactive 

compounds, and other fine chemicals and biomass (Li et al. , 2008; Raja et al. , 2008). 

Due to increased development rate, increased lipid content and excellent CO2 obsession 

capacity in comparisons to other plant sources, microalgae are treated as inexhaustible 

alternative biodiesel feedstock (Chen et al., 2011; Ho et al., 2010). With suitable 

environmental stress several microalgal species like Chiarella emersanii, ChIarella 

minutissima, ChIarella pratathecaides, ChIarella vulgaris, Neachlaris aleabundans, 

and Dunaliella tertialecta can acquired round about 50 to 70% of lipid content per dry 

weight of biomass, and the lipid obtained is appropriate for biodiesel production. 

The world total biodiesel production was predicated to be almost 1.8 billion liters in 2003 

(Fulton, 2004). Whereas no increment was observed in the creation of biodiesel from 

1996 to 1998, quick increase in manufacturing of biodiesel has been repOlied few years 

back. A hypothesis has been created for production of biodiesel that it could be moreover 

enormously increased due to greater requirement of fuels globally cleaned energy. 

To compete with the worldwide energy limitation crisis, lipid-rich biological resources 

are very necessary for effective production of biodiesel and it has attracted a great 

interest. Due to the small developmental rate, increased content of lipid and easily being 

adapted by biotechnological means oleaginous microorganisms are satisfactorily 
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considered. A few micro algae appeared to be an appropriate collection of oleaginous 

microorganism to produce lipids (Chisti, 2007). Microalgae seems to be a great applicant 

for the manufacturing of fuel due to some advantages like, higher photosynthetic 

efficiency, higher production of biomass and high developmental rate in comparison to 

other plants (Dote et al. , 1994; Milne et al., 1990; Minowa et al. , 1995). Additionally, in 

accordance with biodiesel standard published by, the American Society for Testing 

Materials (ASTM) the production of biodiesel from micro algal oil is related in assets to 

the standard biodiesel. 

Earlier studies on liquid fuel from microalgae had begun in mid 1980s. During the world 

war II, although some German scientists attempted to extract lipids from diatom in order 

to resolve energy crisis (Cohen et al., 1995), and almost immediately in the USA, 

research has been conducted by a group of researchers at the Carnegie Institution of 

Washington, and the experience gained by them had been summarized in a book (Burlew, 

1953) named "Algal Culture from Laboratory to Pilot Plant", however the technologies 

of manufacturing micro algae as fuels had not been completely exploited. The 

argumentation might be as follows. First, microalgae are less known as a source of lipids 

than plants and animals. Secondly, plant oils costs relatively low and animal fats are yet 

more cheaper; therefore, techniques for the microbial oils production had largely paying 

attention on highly appreciated products that cannot be manufactured by plants, like 

omega-3 polyunsaturated fatty acids, particularly Eicosapentaenoic acid (EPA) and 

Docosahexaenoic acid (DHA) (Wen and Chen, 2001). 

1.3 Algae Species 

One distinctive aspect of algae is the variety of species available for acceptance in 

comparison to other advanced sources for producing biofuel. For optimizing the 

manufacture of different biofuel, variety of species may be selected. A verity of valuable 

products and pollution sources was offered by algae, such as nutritional compounds, 

food, omega-3 fatty acids, animal feed, energy sources (including jet fuel, aviation 

gasoline, gas, biodiesel, and bioethanol), biodegradable plastics, pigments, medicines, 

organic fertilizers, recombinant proteins, pharmaceuticals, and vaccines (Pienkos and 

Darzins, 2009). 
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1.3.1 Chlamydomonas sp 

The green algal species Chlamydomonas reinhardtii is a unicellular, photosynthetic 

microbe that inhabits aquatic environments (Harris, 201 2; Nichols and Bothast, 2008). In 

1945 (Massachusetts, USA) the very first uncultivated strain of this species was collected 

for research purposes by Gilbert M. Smith (Nichols and Bothast, 2008). The cells of C. 

reinhardtii are encapsulated by means of cell wall along with two large flagella to 

facilitate the optimization of exposed light and nutrients (Govorunova and Sineshchekov, 

2005; Rochaix, 1995). In round about 6 and 12 hours these species were easily cultured 

in laboratory conditions. The nuclear genome of C. reinhardtii exists in the haploid state 

during normal vegetative growth (Harris et aI. , 1989), representing the genetic analysis 

and construction of interesting mutant phenotypes in relation to additional organisms like 

higher plants where diploidy and polyploidy cause difficulties (te Beest et al., 2011; 

Weiss-Schneeweiss et al., 2013). Genetic transformation of C. reinhardtii knowing the 

complete genomic DNA sequence of any organism provides numerous advantages to 

those who study it. Thus it is important that the nuclear (Kumar and Murthy, 2011), 

mitochondrial and chloroplast genomes of C. reinhardtii have all been sequenced and 

annotated. 

1.3.1.2 Photosynthetic proper ties of C. reinhardtii 

An important property of C. reinhardtii is that it can grow phototrophically, as well as 

heterotrophically by using acetate as a sole carbon source (Levine, 1968; Spreitzer and 

Mets, 1981). Due to this property of C. reinhardtii the mutants that are not able to 

maintain photosynthesis can created and kept up in medium containg acetate 

(Khrebtukova and Spreitzer, 1996). As for the most part it is difficult to proliferate 

practical photosynthetic mutants of area plants (Grossman, 2000), this aspect has enabled 

researchers to conduct a significant photosynthetic research which would be otherwise 

infeasible (Dent et al., 2001; Gutman and Niyogi, 2004; Rochaix, 2002). An illustration 

can be found in investigations of a particular procedure special to algal cells that had the 

control to produce and manage photosynthetic mutants of C. reinhardtii recognized as the 

Carbon Concentrating Mechanism (CCM) (Spalding, 2008; Wang and Spalding, 2006). 
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The cell of every C. reinhardtii contains a single large chloroplast that can almost occupy 

40% of cellular volume and a structure called pyrenoid develop inside every chloroplast 

under atmospheric C02 levels (Fukuzawa et aI. , 2001; Rochaix, 1995). This globular 

structure is for the most part encased by a starch sheath that possesses just little segment 

of the chloroplast and contains its own particular subset of proteins too. Above 90% of 

the number of inhabitants in the Rubisco holoenzyme is situated in this structure under 

climatic CO2 levels in C. reinhardtii (Borkhsenious et aI., 1998). C. reinhardtii cells 

make utilization of different transporters and different proteins to viably "pump" 

CO2/bicarbonate into the pyrenoid structure, effectively expanding the CO2 focus at the 

Rubisco dynamic site in order to boost up the productivity of the CO2 fixation response 

(Brueggeman et aI., 2012; Fang et aI., 2012). Presence of such sort of methodology 

permits photosynthesis to happened in most efficient way in aquatic environments where 

the availability of C02 is limited in contrast with terrestrial environments (Wang et al., 

2011). The manufacturing and classification of different mutants having interruptions in a 

variety of procedures connected with the CCM has uncovered much about this 

complicated organization (Wang et aI., 2011). To increase the photosynthetic 

productivity of essential land plants more reveled clarification of the workings of the C. 

reinhardtii CCM might ultimately proved valuable. Utilization of the C. reinhardtii 

chloroplast as a protein production more recently, as greater focus has been placed on the 

development of renewable fuel sources, C. reinhardtii and other algal species have also 

been used to study the production of renewable biofuels in the form of hydrogen gas or 

oils (Grossman et al., 2011; Merchant et aI., 2012; Radakovits et aI., 2010). 

1.3.2 Chlorella 

The capability of capturing carbon dioxide is higher in Chiarella vulgaris. Its growth rate 

is fast (0.6 gil day) and has the ability to absorbed 10-15% CO2 (Lee et aI., 2000). C. 

vulgaris has the ability to grow in extreme conditions for example, elevated temperature 

of 30-35 °C (Converti et al., 2009) and acidic environment, like pH of 3 (Mayo, 1997). 

On the other side in case of flue gas, it has the ability to absorb up to 50 ppm of S02 and 

200 ppm of N02 (Lee et al., 2000). It can also be use in secondary process after it has 

been used for consumption of carbon dioxide for example animal feed. C. vulgaris have a 
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high percent of proteins, minerals, and vitamins for secondary processes, (Lee et al. , 

2000). 

1.3.3 Scenedesmus 

Scenedesmus has the ability to take up CO2 and provide oxygen to bacteria in sewage 

treatment plants as it uses organic matter. As Scenedesmus can tolerate growth in 

wastewater therefore it is an important agent for C02 remission with chimney gas. The 

daily consumption time of C02 is 28.08% at a 6% C02 level (De Morais and Costa, 

2007). Scenedesmus can grow at a range of 10 to 40 DC temperature (Christov et at., 

2001). 

1.3.4 Spirulina 

At present, Spirulina is generally utilized as a part of nourishment applications and can 

possibly expend CO2. Its Carbon (C) obsession time is 318.6 mg CO2/L day at 5% CO2 

(Sydney et al., 2010). It have the capacity to develop at temperature of 20 to 40 DC, yet 

the temperature will influence the protein and starch level (De Oliveira et at., 1999). The 

composition of Spirulina is mostly protein (Sydney et al., 2010). It had additionally a 

possibility of developing on dung, catch CO2 and produce biogas (Shelef et al., 1980). 

1.4 Autotrophic Versus Heterotrophic 

Algae can grow requiring organic compounds of carbon and nitrogen for nourishment 

(heterotrophically) as well as autotrophically (in presence of light) . Algae that grow 

autotrophically can make complex organic nutritive compounds from simple inorganic 

sources by photosynthesis including biomass. An increment in light source with 

autotrophic development can impact the general rate of growth. With one exan1ination, 

the luminosity was improved, (163 !lmollm2s-' to 310 !lmol/m2s-') and developmental 

rate was expanded (2 giL do l to 4 giL dOl) (Ogbonna et al., 1997). Autotrophic growth 

most significantly leads to the reduction of C02 from the environment. 

In fermentation processes heterotrophic growth is used for the manufacture of notorious 

or healthy food (Apt and Behrens, 1999). Organic carbon (i.e. carbohydrates) is used for 

this kind of growth to deliver carbon dioxide, a straightforward inorganic compound, for 
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which sunlight energy is not required. To increase the production of biomass autrophic as 

well as heterotrophic growth can be pooled within a single framework. Within one report 

Chlorella was utilized to grow both heterotrophically as well as autrophically, for 

increment in t~e biomass, and C02 production from the heterotrophic phase was utilized 

as part in the autotrophic time period (Ogbonna et al., 1997). Inconveniences linked 

among heterotrophic growth are the production of carbon dioxide, due to the 

accumulation of a carbon source nutrient media cost more, and the risk of bacterial 

contamination becomes higher, as bacteria could likewise grow in the existence of a CHO 

carbon source (Feofilova et a!., 2010). 

1.5 Importance of Algal Species for Biodiesel 

Microalgae might be very soon one of the world's great vital inexhaustible oil crops 

(Campbell, 2005). Fundamental points of interest of micro algae are: (Chisti, 2007; 

Huntley and Redalje, 2007; Li et al., 2008; Rodolfiet al., 2009; Schenk et a!., 2008). A 

higher efficien~y of photon conversion (round about three to eight percent against 0.5 

perc~nt for land plants), that corresponds to increased biomass productivity per hectare) 

as well as developed at high rates (e.g. one to three doublings per 24 hours), the 
~ 

capability of sequestering higher CO2. With better handling it has also the ability to 

develop in a liquid medium, and can grow in salt and waste water streams 

(salinelbrackish water/coastal seawater), by this means the use of freshwater is reduced. It 

utilizes N as well as P from different sources of waste water which provides further 

advantage of wastewater bioremediation. Also it uses the areas that are inappropriate 

agricultural purposes (e.g. deserts and seashore lands) therefore there is no competition 

with arable land uses for the manufacturing of food. Most importantly there is no specific 

time for it production and it can be harvested any time in year. A high concentration of 

lipids, carbohydrates and biomass can be produced by inducing these cultures. The 

production systems of algal biomass can be effectively modified to different types of 

technologies and skills. Microalgae can also be cultivated without any use of manures 

and pesticides, playing role in reduction of pollution. Production of biofuel from 

microalgae can also reduced nitrous oxide (Li et aI., 2008). The effect of environment is 

also insignificant for example, deforestation. The change of lig~t energy into chemical 
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energy may also be in charge of an extensive range of fuel synthesis for example protons 

and electrons (for biohydrogen), sugars and starch (for bioethanol), oils (for biodiesel) 

and biomass (for BTL and biomethane), by means of biochemical, thermo chemical, 

chemical and direct combustion processes, which produces valuable co-products or by­

products (e.g. proteins, polysaccharides, pigments, biopolymers, animal feed and 

fertilizers . 

1.6 Environmental Factors Affecting Algal Growth 

Environmental factors may affect diverse frameworks elements connected with algal 

development or cell structure. For example, increase in temperature can prompt 

diminishment ih supplements accessibility (Sterner and Grover, 1998). For instance in the 

examination of phytoplankton in Antarctic Ocean, Smith and Morris, (1980) has been 

observed that phytoplankton intertwined more carbon into the protein segment with 

decline within the lipid content at higher temperatures while according to Morris et al. 

(1974) P. tricornutum accumulate more protein at lower temperatures. This inconsistency 

may possible because of the species-specific impacts, changes in intensity of light as well 

as variability in the principle developmental conditions. 

Converti et al. (2009) studied the effects of temperature and nitrogen concentration on 

cell growth and lipid content in two strains of algae-Chlorella vulgaris and 

Nannochloropsis oculata. Reducing the nitrate concentrations in the growth media by 

75%, lipid accumulation increases, with only a small reduction in growth rate at optimal 

growth temperature. This result indicates that it may be possible to achieve higher lipid 

productivity for biofuels production by employing nitrogen limitation with fine 

temperature control. It has been observed that salinity stress result in increase in protein 

content. The conversion of nitrate to protein content increases with increase in salinity 

while decreases with increase in nitrate concentration. 

Environmental stresses often trigger the production of micro algal lipids for example 

depletion of nitrogen. Yet, the operation under conditions of stress is constantly 

connected with moderately low growth rate, thus resulting in low productivity of lipid. 

Most of the investigations had been reported that in microalgae the developmental rate 
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and accumulation of lipid content are extensively affected by culture conditions (for 

example irradiance, concentration of salts, and selection of medium) and operational 

procedures (for example two-stage cultivation, semi-batch cultivation, or continuous 

cultivation). In spite of the fact the data provided in the literature shows that the 

production of lipid from microalgae might be enhanced by promotion of appropriate 

operational strategies and conditions, an efficient examination for optimization of lipid 

productivity and metabolic mechanism, but behind this the advances in lipid 

accumulation is still lacking. Although the uses of marine microalgae has been little 

studied for the production of lipid. 

1.6.1 Temperature Stress 

It has been observed by Chinnasamy et al. (2009) that most favorable temperature for 

Chiarella vulgaris ranges from 25 to 30°C and (Converti et aI. , 2009) reported that 

decrease in temperature from 30°C to 25 °c can trigger increase in lipid contents from 

5.9 to 14.7%. Furthermore at temperatures above 38°C oleic acid production increased. 

Under heat stress or heat shock it was observed that reduction in the microalgal protein 

occurs and procluces a stress hormone know as abscisic acid (ABA) (Bajguz, 2009). This 

stress hormone is considered as an important aspect for the control of downstream 

responses such as growth rate and gene expressions. It has been reported that at the 

temperature above 40°C, C. vulgaris was found to be less resistant to acidic pH than 

when it was grown at 35°C or lower temperatures (Mayo, 1997). 

Scenedesmus sp. can grow in a temperature between 20-40 °c (Schenk et aI., 2008). It 

has been studied that at lower temperatures of 15 to 36°C, the chlorophyll and protein 

levels got to be decreased in Scenedesmus sp., whereas the levels of carotenoids, 

saccharides, and lipid content got to be increased (Christo v et aI., 2001). There was also 

an increase of 30% observed in sugars and lipid content at high temperature of 36 °C. 

U sing algae the effect of temperature on phosphorus content of wastewater was studied 

and it has been reported that at higher temperature of 25°C phosphorus content is present 

in higher concentration in biomass than at lower temperatures (Powell et al., 2008). On 

the uptake of arsenic, cadmium, copper, lanthanum, tungsten, and zinc the effect of 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomol1as 
reil1hardtii 14 



Chapter 1 Introduction 

temperature (0-22 DC) has been observed, and a nse In arsenic, tungsten, ZInC and 

cadmium uptake has been noticed with increase in temperature (Demon et a!. , 1989). 

The mobility in the cell membrane was affected by lower temperature and with increase 

in level of unsaturated FA mobility of cells can be increased. This can be demanding for 

cell membrane as it will favor the free radicals (Nishida and Murata, 1996; Raven and 

Geider, 1988). High level of unsaturated fatty acids in combination with its greater 

fluidity have tendency to upgrade the constancy and steadiness of cell membranes 

(mainly the thylakoid membrane). Which in turns results in protection of photosynthetic 

machinery from photo inhibition at low temperatures (Nishida and Murata, 1996). 

Botryococcusbraunii was observed to change its lipid content as well as composition 

when grown to different temperatures and lipid synthesis was suppressed at 32°C. The 

content of lipid was reduced to 5 % at 32 °C as compared to 22 % at 25°C (Kalacheva et 

ai.,2002). 

Same effects were seen in Nannochioropsis oculata and C. vulgaris, each of which grows 

at most favorable temperature of 25°C. The lipid content seems to be doubled (from 

7.90% to 14.92%) with increase in temperature from 20 to 25 °C in N. oculata. In C. 

vulgaris with increment in temperature from 25 to 30°C a decrease in the content of lipid 

from 14.71 % to 5.90% has been observed (Converti et a!., 2009). As the temperature 

increases above the optimum synthesis of protein . is reduced and therefore results in 

decreased developmental rates (Konopka and Brock, 1978). Lower temperature induced 

high protein synthesis in Phaeodactylumtricornutum, Scenedesmus sp. (Cuhel et al., 

1984; Morris et a!., 1974). The impact of temperature on content of lipid and composition 

has been sUmrriarized in table 1. It is for the most part recognized that the vast majority of 

changes in the profile of lipid adjust the physical properties of membranes with the goal 

that ordinary capacities, for example, ion penetrability, photosynthetic and respiratory 

procedures can proceeded as a whole (Somerville, 1995). 

Patterson (1970) observed that change in temperature has no effect on the lipid content of 

Chlorella sorokiniana. In C. reinhardtii the impact of temperature was not observed on 

the contents of the acidic thylakoid lipids, Sulfoquinovosyl diacylglycerol and 

phosphatidyl glycerol (SQDG and PG), (Sato et a!., 2000). An inadequate data on this 
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subject is available and it must be noticed. Furthermore investigations were done at 

laboratory scale where retaining the desired temperature is very easy. Therefore only in 

closed system photobioreactors the maintaining of increasing and decreasing temperature 

is feasible which is very expensive in comparison to open setup . Presently there is no 

awareness of investigations which had advertised impact of temperature to energize lipids 

generation on vast platform; however as at various temperatures lipid profiles plainly 

changes, properties of biodiesel obtained from algae would likewise change for 

distinctive atmospheres and seasons (e.g., summer or winter strains) and efforts are in 

progress for utilization of flue gases as well as sources of temperature to increase algal 

growth during cold atmosphere 
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Table 1: Microalgal Lipid Production with Change in Temperatures 
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Chaetoceros 
Grown at 25°C 

Total lipid increased (Renaud et ai. , 
Rhodomonas sp., by 16.8% 2002) 

Lipid production 
Cryptomonas sp., Range of27 °C to 30 increased by 15.5, (Renaud et al., 

Isochrysis sp. DC 12.7, and 21.7% 2002) 
respectively 

Nannochloropsis Increase from 20°C Lipid production (Chen et ai., 
oculata to 25°C increased by 14.92% 2011) 

Isochrysis galbana 
Increase from 15°C Increase in neutral 

(Zhu et al. , 1997) 
to 30°C lipids 

Chlorella ellipsoidea Lowering temperature 
Unsaturated FA was 

(Joh et ai., 1993) 
increased by 2-fold 

Nannochioropsis Increase in Increase in total (Boussiba et al. , 
salina temperature lipids 1987) 

Dunaliella salina 
Shift from 30°C to Increase in (Thompson, 

12 °C unsaturated lipids 1996) 

Ochromonas danica 
Increase from 15°C Increase in total 

(Aaronson, 1973) 
to 30°C lipids 

Selenastrum Temperature from 25 Increase in oleate 
(McLarnon-

capricornutum °C to 10°C fatty acid 
Riches et ai., 

1998) 

Phaeodactylum Shifted from 25°C to Highest yields of (Jiang and Gao, 
tricornutum 10°C for 12 h PUFA and EPA 2004) 

Pavlova Spirulina lutheri Grown at 15 Increased relative (Tatsuzawa and 
platensis, Chlorella °C amount of EPA Takizawa, 1995) 

vulgaris, Increase in Saturated F As (Sushchik et al., 
Botryococcus braunii temperature increased 2003) 
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1.6.2 Light 

Light has been crucial factor for algal growth as they contain chlorophyll a and b and also 

important for photosynthesis. Light harvesting pigments (Chl a and b) has been reported 

to be more sensitive to red and blue light. (Yun and Park, 2001). Different light 

intensities have an influence on lipid content (Siegenthaler and Murata, 2006) (Table 2). 

High intensity of light causes oxidative damage to the poly unsaturated fatty acids and 

also increase the level of these fatty acids in microalgae. (Siegenthaler and Murata, 

2006). Quantity of Polar lipids get rise by low light intensity e.g lipids present on the 

membrane connected with chloroplast. Polar lipid content get damaged by high light 

intensity but instantly increase the amount of neutral storage lipids e.g TAGs (Brown et 

al., 1996; Khotimchenko and Yakovleva, 2005; Napolitano, 1994; Orcutt and Patterson, 

1974). 

The decreased in total phopholipid content and increase in TAG has been linked with 

exposure to high light in filamentous green algae Cladophora by Napolitano (1994). 

When red alga~ T Crinitus was exposed to lower light intensity then increased level of 

plasma membrane lipid was observed (Khotimchenko and Yakovleva, 2005). High light 

intensity act as biological catalyst as in the haptophyte Pavlova lutheri. It raises the lipid 

content, low the dilution rate and increase the cell weight per cell. 

In strong constant light or under 12: 12 h continuous light/dark conditions, the culture 

grown to stationary phase have increased amount of triglycerides with saturated and 

monounsaturated fats in correlation to batch cultures developed in less light (Brown et 

aI., 1996). For the production TAG light is essential, yet if high light illumination is 

utilized as a forerunner precursor for increasing the assembly of TAG, as appeared in the 

illustrations above and in Table below it can be anticipated that for various species it will 

be distinctive. Omega-3 unsaturated fats (twenty eight percent to eight percent of 

aggregate fatty acids), brought about primarily by a diminishing of EP A (20:5n-3). 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
reinhardtii 18 



Chapter 1 Introduction 

Table 2: Microalgal Lipid Production Due to Various Light Irradiation Stresses 
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TicllOcarpus 
(Khotimchenko 

TAG Increases and Yakovleva, 
Crinitus Low illumination 2005) 

Pavlova lutheri High illumination 
Total lipid content (Carvalho and 

Increases Malcata, 2005) 

Thalassiosira 
Light/dark or continuous PUPA (Brown et ai. , 

pseudonana 
cycled, high light intesity at 

Increases 1996) 
exponential growth 

Thalassiosira 
Light/dark or continuous 

(Brown et al. , 
pseudonana 

cycled, high light intensity at TAG increases 
1996) 

stationary phase 

Selenastrum Linoleate fatty acids 
(McLarnon-

Grown in dark Riches et ai. , 
capricornutum increases 

1998) 

Prorocentrum Insignificant increase 
(McLarnon-

Grown in dark Riches et al., 
minimum in phospholipids 

1998) 

Isochrysis 
Lower light phase Increase in PUF A 

(BANDARRA 
galbana et ai. , 2003) 

Nannochloropsi 
Ultra violet (UV) -A 

PUP A got increases, (Srinivas and 
s oculata structural lipids Ochs, 2012) 

P. Antarctica LowUV-B 
PUP A got increases, (Jiang and 

structural lipids Chen, 1999) 

C. simplex elevated UV-B 
Total lipid contents (Jiang and 

got increased Chen, 1999) 

Saturated and 
(Goes et al., 

Tetraselmis sp. UV-B radiation monounsaturated fatty 
acids got increases 

1995) 

Phaeodactylum 
UV radiation 

Increased EPA and _ _ (Liang et al. , 
tricornutum PUP A got incre~~!l ~006) 

Chaetoceros 
UV-A 

Monounsatllrated FA (Liang et al. , 
muellerii got increased 2006) 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contenfsi~! Chlamydomonas 
reinhardtii ... '".' 19 ... .,. -



Chapter 1 Introduction 

1.6.3 pH 

pH is the most important factor for algal cultivation as it determines the solubility and 

availability of C02 and crucial nutrients . It also have a major impact on algal 

metabolism(Chenl and Celia, 1994; Shapiro, 1973). pH of algal culture increased due to 

inorganic carbon and it has been reported that microalgae grow maximum at neutral pH 

(Hansen, 2002). Different species of micro algae requires different pH of algal culture 

which ranges from low pH 6.5 to high pH 8.8 (Pruder and Bolton, 1979). Chenl and 

Celia (1994) found the rate of photosynthesis and algal growth at pH 9.0. 

pH effect the availability of CO2 in carbonaceous species in water. CO2 is found to be 

restricted at high pH which, in turn suppress algal growth (Azov, 1982; Chenl and Celia, 

1994). Normally at high pH carbon dioxide is available in the form of carbonates and in 

photo autotrophic culture substitution of CO2 used for photosynthesis is reluctant, as a 

result reduction in partial pressure of C02 occurs which leads to increase in pH. Basic pH 

leads to increase the elasticity of the cell wall of parent cells, that inhibits its break down 

and block the~ libration of auto spores, rising the time for completion of cell cycle 

(Guckert and Cooksey, 1990). 

1.6.4 Salinity 

A critical variable that affect the synthetic synthesis of microalgal cells is salinity. 

Salinity effect the growth rate of microalgae when exposed to higher level of salinity. For 

instance, rise in salinity boost up the lipid content of algae (Fabre gas et aI. , 1984; Renaud 

and Parry, 1994; Zhila et al., 2011). Salt concentration is an important factor that affects 

the biochemical processes of algae. High and low salt concentration have an impact on 

algal growth and lipid content Studies showed that when concentration of Sodium 

chloride raises from 0.4 to 4M the quantity of monounsaturated and saturated fatty acids 

increased in marine alga like Dunaliella. Another study revealed that when sodium 

chloride concentration increase from 0.5 to 1M it elevated the level of triglycerides and 

intracellular lipids (Takagi and Yoshida, 2006). Also higher level of sodium chloride, 

alter the growth rate, carbohydrate and lipid content in fresh water alga like 

Botryococcusbraunii. At the lowest salt concentration highest biomass quantity was 
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observed. (Rao et ai., 2007). These outcomes were upheld by another study in which lipid 

substance of Botryococcusbraunii developed in 0.50 M NaCI was higher in examination 

to media having no addition of NaCI, yet the contents of protein, starch, and pigments 

were lower (Ben-Amotz and Avron, 1990). A reduction in protein content with unaltered 

starch and lipid content with an increment in salinity has been reported in another study 

with the same alga (Vazquez-Duhalt and Arredondo-Vega, 1991). Reduction in growth at 

higher salinities has also been reported in this study, which may be because of a failure of 

the alga to change in accordance with high salinity. Protein content decrease as salt level 

elevated up to 20% was observed in Tetraseimis suecica (Fabregas et ai., 1984). 

1.7 Affect of Nutrient Availability on Growth and Lipid Content of 
Microalgae 

Abundant possibilities m the biochemical arrangement under states of supplement 

inadequacy can be found in algae relying on which supplement is restricted and to what 

degree. Under proper states of temperature and pH the proportion of development of 

microalgae is identified with the uptake rate of the most restricting supplement in general, 

and is for the most part reveled by Michaelis-Menten equation. Nand P are main 

elements used in improvement plus breakdown of microalgal cells. Nitrogen is the 

significant component for growth of proteins and nucleic acids . Another fundamental 

nutrient is phosphate. It is one of the essential molecules, e.g adenine tri phosphate, the 

energy transporter in cells. Significant macromolecule for every single living cell is 

phosphate which is likewise fundamental component of DNA and RNA. Phosphorus is 

likewise critical constituent of phospholipids. It is not remarkable for algae to become 

nutrient-restricted (i.e., nitrogen-and phosphorus-restricted) in the ordinary habitat. The 

metabolic pathway of the organism swings with the limitations of these nutrients. 

1.7.1 Nitrogen Limitation 

In algal cells, nitrogen is a significant element of structural and functional proteins and 

constitutes about 7%-20% of cell dry weight. Nitrogen is rapidly used by algae in many 

biological processes to fulfill the needs of functional requirements. (Fujita et ai., 1988; 

Vergara et ai., 1995). Studies revealed that low nitrogen level boosted the synthesis of 

lipids and triglycerides in algae (Stephenson et ai., 2010; Takagi and Yoshida, 2006) 
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with the decrease in protein level. (Kilham et al., 1997; Morris et at., 1974). Through 

experimental analysis it was cleared that output of lipids get elevated as the nitrogen level 

get low (Metting Jr, 1996). It was observed that if nitrogen level get decreased, algae 

halts to fix carbon into carbohydrate production during photosynthesis process (Hu, 

2004). Also low level of nitrogen decreases the production of oxygen, chlorophyll 

content, fixation of carbon dioxide and synthesis of tissues. (Kolber et al., 1988; 

Richardson et at., 1969). A rise in amino acid content of Chlorella pyrenoidosa has been 

reported on the expense of sugar phosphate (like glucose-6-phosphate, fructose-6-

phosphate) with addition of ammonium (nitrogen source) to the emergent culture (Holm­

Hansen et al., 1959). 

Nitrogen is one of the most perilous constituent affecting lipid metabolism in algae. In 

response to nitrogen deficiency a general trend towards accumulation of lipids 

particularly TAG, has been observed in numerous species or strains of different 

microalgae. (H.Jieh and Wu, 2009; Praveenkumar et at., 2012; Yeh and Chang, 2011). 

Also nitrogen stress show increase lipid content in several microalgae, cyanobacteria and 

diatoms (Hu, 2006). A study carried out by Rodolfi et al. (2009) show lipid production by 

the depletion of nitrogen and phosphorous in several green and red algae, diatoms, 

eustimatophytes and pryrnnesiophytes. Shortage of silicon rises the level of neutral lipids 

and mono-unsaturated and saturated fatty acids in the diatoms (Miao and Wu, 2006) and 

also little rise in triglycerides levels (from 69 to 75% from whole lipids) in addition with 

phospholipids (from 6 to 8%) was discovered in the micro alga Phaeodactylum 

tricornutum in low nitrogen level (Alonso et al., 2000). Low nitrogen l€v~ ,erease lipid 

level 40% in Chlorella vulgaris (Illman et al., 2000). Also "pid synthesis increa:~ed in 
. . .I".r.1·; 

Chlorella with decreased in silicon level (Griffiths md Harriso " 2009). ' .,- :'".- f-:~'l 
,. -. , 

Additionally it was observed that if media was changed from n~1-,mal to nitrogen di pleted 6, _. 

media a changed occur in lipid composition i-e from free fatty aci'ds to·~ triglycerides. 

(Widjaja et al-:-; 2009). Nitrogen limitation also affect the pigment composition e.g an 

1crease ratio of carotenoids and chlorophyll was detected in Parietochloris incise 

'vchenko et at., 2008). 
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Table:3 Microalgae Species Under Nitrogen Deficiency for Oil Production 

Species Lipid Co ent(%) Relerenee8 

Cyciotella cryptica 18 (F einberg, 1984) 

Dunaliella salina 18.5 (Borowitzka, 1999; 
Feinberg, 1984) 

NitzC/,ia sp. 14.4 (Feinberg, 1984) 

Botryococcus braun;; 54.2 (Feinberg, 1984; 
Sawayama et at., 1995) 

Chlamydomonas sp. 23 (Feinberg, 1984) 

Chlorella vulgaris 18 (Huntley and Redalje, 
2007; Illman et at. , 2000) 

Nannochloropsis salina 54 (Huntley and Redalje, 
2007) 

Tetraselmis sueica 20-30 (Huntley and Redalje, 
2007) 

/socttrysis sp. 26-45 (Feinberg, 1984) 
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Objectives _ 

This study demonstrated an effect of high temperature and nitrogen limitation on the 

growth and lipid accumulations on the selected micro algae (Yellow in Dark mutants of 

Chlamydomonas reinhardtii) to meet the demand for biodiesel feedstock. 

The main objective of the studies were 

To examine the effect of temperature on biomass and lipid accumulation of C. 

reinhardtii. 

To investigate growth and lipid contents of C. reinhardtii, by varying 

concentrations of nitrogen in growth media. 
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Materials and Methods 

This research was done at Stress Signaling Lab, Department of Biochemistry, Quaid-i­

Azam University, Islamabad Pakistan. The study was approved by Institutional Review 

Board of Quaid-i-Azam University Islamabad in collaboration with Professor Dr. Yi­

Feng Chen, Jiangsu Academy of Agricultural Sciences, Nanjing, China. 

2.1 Algal Material 

Chlamydomonas reinhardtii is a haploid single-cell green alga and widely distributed 

worldwide in soil and fresh water. It is about 10 micrometers in diameter that swims with 

two flagella. It has a cell wall, a large cup-shaped chloroplast, a large pyrenoid, and an 

"eyespot" that senses light. C. reinhardtii is an especially well studied biological model 

organism, partly due to its ease of culturing and the ability to manipulate its genetics. 

Culture were grown in glass Erlenmeyer flasks ranging in size from 125 to 250 mL. 

Flasks were stopped with non-absorbent cotion wool covered with aluminum foil to 

prevent contamination with dust. Level of MS media added never exceeded the widest 

diameter of vessel, which ensured adequate gas exchange between media and air. 

Cultures were incubated in temperature controlled incubators se at 25 ± 2°C. Lighting 

was set to 12: 12 light/dark cycle. 

The Yellow in Dark mutants of C. reinhardtii were screened for phenotypic analysis as 

well as for growth and lipid analysis. The pre-cultures were grown on agar MS media at 

room temperature and with a 16 hour light/8 hour dark cycle. The media and the petri 

plates were sterilized by autoclaving at 121 °C for twenty minutes to avoid all 

contamination in the early developmental stages. 
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Table: 2.1 List of selected mutant strains of Chlamydomonas reinhardtii which 
were used for growth and lipid accumulation 

-- -- -- -
Classes Strains Genotype Phenotype References or source 

Wild type CC-735 yl mt- yellow in the Chlamydomonas Center 
dark 

Wild type CC-125 mt+ nitl Chlamydomonas Center 
nit2 

Wild type CC- 1690 mt+ Chlamydomonas Center 

Wild type LC-1692I 
;--- -

mt- Chlamydomonas Center 
-

Wild type CC-1175 y8 mt+ yellow in the Chlamydomonas Center 
dark 

Wild type CC-1173 y7 mt+ yellow in the Chlamydomonas Center 
dark 

Wild type CC- 1170 y5 mt- yellow in the Chlamydomonas Center 
dark 

Wild type CC- 4033 y5 nit+ mt+ yellow in the Chlamydomonas Center 
dark 

-
yla mt+ Yellow in dark Chlamydomonas Center 

Wild type CC- 1168 
I 

msrl ac20 yellow in the 

Wild type CC- 1676 
y6 mt- dark 

Chlamydomonas Center 
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2.2 Experimental Setup 

Temperature was selected as independent variable. The value of temperature was 33 °C 

for C. reinhardtii, chosen as data reported in literature. We have two set of samples, one 

is control and the other is heat stress, control samples were treated at room temperature 

while high temperature stress of 33°C was given to stress samples. 250 mL of sample 

was taken, 

To assess the responses of C. reinhardtii to heat stress, these mutants were subjected to 

treatment of high temperature (33 °C) for time interval of 15 days, and on daily basis its 

biomass and lipid content was estimated. This experiment was designed in Erlenmeyer 

flasks . The stress treatment was given in shaker incubator while the control samples were 

placed on constant shaking on (Amerex GYRO MAX 7471747R floor model) at room 

temperature. At the end of the experiment, its carbohydrate, chlorophyll and protein 

content was estimated. 

In another experiment the algae has been analyzed for growth rate and contents of lipid 

under different concentrations of ammonium nitrate. The experiment was performed in 0, 

0.125 mg/L, 0.250 mg/L and 0.50 mg/L of the original nitrogen source concentration. 

The impact of early nitrogen concentrations on the growth and lipid contents of 

microalgae was observed for 16 days. Lipid content and biomass was predicted after 

wery two days. At the end of the experiment chlorophyll carbohydrates and protein 

'tent was measured. 

~omass Estimation 

'everal ways to evaluate the quantity of algal biomass present in cultures either 

'he number of cells or through determination of volume, optical density or 

iomass concentration was determined by Gravimetric method. MS 

, 19a1 culture (50 mL) were taken in pre weighed falcon tubes and 

rpm for 10 minutes, using a centrifuge model (SIGMA Ostered 

~d at 80°C for 1h. Algal biomass was measured using balance 

, 0.1 mg. All measures were carried out in triplicates. 
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Algal biomass Weight with pellet - Empty weight of falcon tub 

2.4 Growth Rate 

To calculate the growth rate of algae dry weights of algae were used. The specific growth 

rate, Il, was defined as 

11 = In (XmjXo)jt 

Where Xm was the final concentration of algae (giL) Xo was the initial concentration 

(giL) and t was the time duration. 

2.5 Lipid Extraction 

The protocol of Bligh and Dyer (1959) was used for the extraction of lipid. The cells 

were accumulated by means of centrifugation at 10,000 rpm for 10 min at 4°C. The cells 

were then washed once with distilled water and centrifuged again at 10,000 rpm. The wet 

weight of pellet was estimated, and then dried in oven for 2 h at 80°C. 2 mL of methanol 

and 1 mL of chloroform were added for 1 g of algal biomass, and reserved for 18 hours at 

25°C. For 2 minutes the mixture was agitated in vortex. Again 1 mL of chloroform was 

added and the mixture had been shaken vigorously for 1 minute. After that again 1 mL of 

distilled water was added and the mixture was blended in a vortex for 2 minutes. The 

cells were centrifuged for 10 minutes at 2000 rpm and the layers were separated. The 

lower layer had been separated and the process was repeated again with the pellet. The 

collected supernatants were permitted to stand for 2 hours . Lower organic layer 

containing lipids had been transferred to a clean pre-weighed vial (WI). For the removal 

of evaporation the samples were put in hot air oven at 80°C for time duration of 50 

minutes. The vial weight was again recorded (W2). The lipid content was determined by 

subtracting WI from W2 and was indicated as % dry cell weight. 

Lipid Content = Weight with lipid (W2) - Empty weight of falcon tub (WI) 

Lipid Productivity = Lipid content (gig) * DCW (gIL) 

Time 

DCW % = Lipid Content gil * 100 

Biomass gil 
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2.6 Transesterification 

At transesterification step, the obtained lipid was dissolved in 2 mL chloroform and was 

transferred into pre weighed 1.5 mL glass vial, subsequently 1M 1 mL sulphuric acid. 

Methanol was added to sample and was maintained for 1 hour at temperature of 100 °C. 

The samples were naturally cooled and 500 f.!l distilled water was added and mixed by 

shaking for 2 minutes. 

Finally samples were extracted with n-hexane for 3 times and orgamc phase was 

gathered and dried in Concentrator 5301 (Eppendorf, Hamburg · Germany) and obtained 

methyl ester was weighed. 

2.7 Chlorophyll Estimation 

A ImL suspension of mutant strains of C. reinhardtii was put in a 15 mL falcon tube and 

centrifuged for 10 minutes. The supernatant was cast-off and the pellet was washed with 

distilled water. 1.5 mL Dimethyl sulfoxide (DMSO) has been added and the pellet was 

put back into suspension. The mixture was then transferred into a tissue grinder which 

was operated 20 times. This was performed to aid the extraction of chlorophyll. Once 

grinded, the solution was incubated at 50°C for 30 minutes. The liquid was then removed 

from the tissue grinder by pipeting into a 15 mL conical centrifuge tube and the tissue 

grinder was washed 3X with a total of 8.5 mL of spectroscopic grade acetone. The 

solution was allowed to stand for a short time period prior to an additional 10 minutes of 

centrifugation in a swinging bucket clinical centrifuge. The supernatant was then 

transferred into 1 cm quartz cuvettes and analyzed by way of Spectrophotometry (using a 

Beckman DU650) at wavelengths between 480 nm, 645nm and 663nm. The results were 

then recorded in excel. 

Chorophyll a = 12.7 x A663 - 2.69 x A645 

Chorophyll b = 22.9 x A645 - 4. 68 x A663 

Carotenoiods = OD @480 x 4 
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2.8 Carbohydrates Estimation 

Carbohydrates for both stress and control samples were estimated by Phenol-Sulfuric 

Acid method. Biomass (10 mg) was reconstituted in water (10 mL) to prepare a known 

sample concentration for each sample (1 mg mL - I). Aliquots of 1 mL sample were 

reacted with 3 mL of concentrated sulfuric acid (72 Wt %) and 1 mL of phenol (5%, w/v) 

in a water bath. The mixtures were incubated for 5 min at 90 °C in water bath. The 

absorbance at 490 nm was then measured using a Spectrophotometer. The absorbance 

measurements were then compared to a standard curve based on glucose. 

2.9 Protein Estimation 

Total protein content was determined by according to method of Lowery et al. (1951). 

The lowery reagent was prepared by adding solution A, solution B and solution C in 

100:1:1 ratio by volume. 

Solution A = 2.99 g NaOH + 14.3 Na2C03/ 500 ml 

Solution B= 14.2 CUS04 .5H20/for 100 ml 

Folin Reagent (instant fresh ; 0.1 mLisample) 

5 mL of 2N Folin and Ciocalteu's Phenol Reagent + 6 mL ddl water 

This solution is light sensitive. So it should be prepared at the last 5 min of the first 

sample incubation and kept in a covered container. Standard curve has been prepared 

accordingly. In distilled water Bovine serum albumin (BSA) powder has been mixed and 

then diluted to one microgram/micro liter concentration. In four replicates a set of 

dilutions (0, 1, 2.5, 5, 10, and 20 microgram/well) were prepared with a final volume of 

100 micro liter. The samples were diluted very well in such a way that they would fall in 

the BSA standard range (0-25 microgram / 100 micro liters) accordingly and 100 micro 

liter fall in every well. The samples were then diluted and moved into the micro plate, 

200 micro liter of biuret reagent has been transferred to every well and with repeated 

pipeting dissolved thoroughly. The preparation of biuret reagent was carried out by 

dissolving 0.5 milliliter of 1 percent cupric sulfate with 0.5 milliliter of 2 percent sodium 
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potassium tartrate, and then 50 milliliter of 2 percent sodium carbonate in 0.1 N sodium 

hydro-oxide has been added. This mixture has been incubated for ten to fifteen minutes at 

room temperature followed by addition of twenty micro liter of 1.0 N Folin and 

Ciocalteu's reagent per well. With every addition the samples has been mixed instantly 

with repeated pipeting. At room temperature the color has been develop for thirty minutes 

and at 750 nm the absorbance was measured. The water was used as blanked for control. 

The end product of this reaction has blue color. In these experiments though the plates 

were read instantly, and the reaction has been found to be stable for one hour. First the 

proteins are pre- treated with copper ion in alkali solution, and then the aromatic amino 

acids in the treated sample reduce the phosphomolybdate phosphotungstic acid present in 

the Folin Reagent. The amount of proteins in the sample can be estimated via reading the 

absorbance (at 750 nm) of the end product of the Folin reaction against a standard curve 

of a selected standard protein solution (in our case ; Bovine Serum Albumin- BSA­

solution). 

2.10 Fourier Transform Infrared Spectroscopy (FTIR) 

For FTIR analysis, for every experiment 1 00 mL of algal samples has been got from every 

replicate flask and dissolved. Then it was centrifuged for 10 minutes at 12000 rpm. The 

supernatant was discarded and the pellet was oven dried at 40°C for 30 minutes . The 

dried biomass was further broken into powder. Infrared analysis for identification of 

polysaccharides and lipids in algae was carried out at Department of Microbiology, 

Quaid-i-Azam University, Islamabad, An infrared spectrometer (Bruker Tensor 27, 

Germany) with software OPUS 6.5 (Bruker, Germany) was used to record the 

characteristic peak areas of lipid, protein and carbohydrate at 2800-3000 em"', 1500-

1700 cm"l and 1000-1200 cm"l, respectively. Each sample was analyzed in triplicate. 
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Results 

We evaluated the effect of different nitrogen concentrations and temperatures on the 

biomass and lipid accumulation of nine different mutant strains of a unicellular green 

algae C. reinhardtii. This study was conducted as batch culturing in the laboratory, 

cultured species were harvested at their stationary phase and the slurry air dried at room 

temperature for 24 hours. The mean values from the three replicates were recorded for 

each of the treatments (low, control and high nitrogen concentrations, and temperature) 

and the biomass, lipid accumulation, growth rate, total carbohydrate, protein, chlorophyll 

and carotenoids contents were calculated and displayed (Appendix S2). 

Figure 3.1: C. reinhardtii 
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3.1 Effect of Temperature Treatments on C. reinhardtii 

Large scale production facilities of microalgae, whether indoor or outdoor face key 

problem of temperature tolerance. The ability of algae species to respond to changing 

environmental temperatures rapidly ensures their survival and success for large scale 

production. Temperature conditions have straightforward implication on growth rate as 

well as on cell physiology and biochemical compositions. Therefore temperature is a 

crucial variable to be taken into account for optimizing the design and operation of 

microalgae culture system whether to produce biomass or high value molecule. We 

picked this project to examine the effect of temperature on selected strains of C. 

reinhardtii, and we selected 33°C for high temperature stress for the selected algal 

mutants while 25 °c (the optimal temperature C. reinhardtii) was taken as control 

temperature. We used yellow-in-dark mutants, for this purpose. Light independent 

protochlorophyllide reduction leads to chlorophyll formation in dark require both 

chloroplast and nuclear gene expression in C. reinhardtii. Mutations in any of the plastid 

genes (chiL , chiN, and chlB) or nuclear (y-l to y-lO) genes result in the phenotype of the 

yellow-in-the-dark or y mutants. These mutants respond to different types of stresses by 

reduction in their growth or color changes. These mutants were grown under autotrophic 

conditions for ten days and physiological parameters such as growth phenotype, 

carbohydrates, proteins and chlorophyll content and biomass, lipid accumulation and 

growth rate was estimated to check the higher temperature tolerance of these mutants. 

3.1.1 Physiological Analysis of C. reinhardtii After Temperature Stress 

We used nine mutant strains to check temperature effects on these yellow-in-dark 

mutants. Growth of several mutants of C. reinhardtii appeared to be affected at 

temperatures above 33°C and showed decrease in its growth rate as compared to grown 

at 25 °C. This difference in the growth was simply detected due to change in color from 

green to brown in the cells, and as a result the growth rate of microalgal cells was 

decreases (Fig 3.2). Mutant strains, CC-125 , CC-1175 and CC-1181 appeared to be least 

affected at 33°C as compared to their respective control at 25 °C, while CC-125, CC-

1690, CC-1692, CC-4033 , CC-1173, CC-1168 and CC-735 are more affected at 33°C as 

compared to their respective controls at 25 °C. According to our data mutant strains, CC­
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125, CC-117 5 and CC-1181 stood better with respect to other strains at 33°C, and these 

strains can tolerate high temperature stress of 33 °c without any affect on its 

physiological parameters i.e colour. 

CC-4033 CC-1692 CC-1690 

CC-l1S1 

C-1l68 

250C 33°C 2SOC 330C 2SOC 33°C 

Figure 3.2: Growth Phenotype Analysis to Check the Effect of High Temperature on 

Mutants of C. reinhardtii. Different mutants were grown under high temperature stress 

for ten days in comparisons to control temperatures This figure shows the phenotypic 

difference in the growth on selected mutants of C. reinhardtii including, CC-4033 , CC-

1692, CC-1690, CC-1181 , CC-1175, CC-1173, CC-1168, CC-735 and CC-125 growing 

at 25°C and 33 °c respectively. The intensity of green color is the indication of growth. 

The lighter green to colorless is showing the effect of given temperature on the selected 

mutant strains. 

- ? 
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3.1.2 Carbohydrate Contents 

The total carbohydrate contents can be altered by physical factors, such as light density 

and temperature variability. The mutants of C. reinhardtii including, CC-4033, CC-1175, 

CC-1181 and CC-735 were observed carefully for difference in the carbohydrate contents 

of algae treated at 33°C as compared to their respective controls at 25 °C. Mutants of C. 

reinhardtii including, CC-1168, CC-1173 , CC-1692, CC-1690 and CC-125 were 

observed to have less carbohydrate content at 33°C as compared to their respective 

controls at 25 °c (Fig. 3.3). 

Our data showed that the total carbohydrate contents in the selected strains were highly 

variable under the selected growth conditions of algae. The highest average total 

carbohydrate contents was observed in the CC-735 (34.91 ± 5.2 Ilgl-l), while the lowest 

value was recorded in CC-4033 (35.32 ± 5.3 Ilgr1) with respect to values of their control 

(24.69 ± 1.8 Ilgl- l and 31.27 ± 5.1 Ilgl-l) respectively (Appendix S2). 

Mutant strains CC-1690, CC-1692, CC-125, CC-1168 and CC-1173 were influenced 

more as their carbohydrate contents were lower as for their controls. As indicated by our 

data CC-1181 , CC-735 , CC-4033 and CC-1175 stood superior to remaining strains in 

carbohydrate contents at 33°C. 
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Figure 3.3: Effect of Temperature on Total Carbohydrate Contents of Nine Selected 

Mutant Strains of C. rein h ardtii. Green and red colored vertical bars represent the 

concentration of carbohydrate content along y-axis control and stress respectively. 

Carbohydrate contents of algae were expressed as micrograms per liter and the values 

corresponds to the mean of three independent replicates. Values indicates the average of 

three independent replicates ± s.e 

3.1.3 Total Protein Contents 

Microalgal system is of great importance for its potential to meet a large impending 

demand of protein for human and animal health. Microalgae undergoing nutrient 

limitation and environmental stress change their cellular composition; high temperature 

can lead to change the protein content. As the temperature increases above the optimum, 

reduction in protein synthesis takes place, and consequently growth rates decreases. The 

total protein contents can be altered by physical factors, such as light density and 

temperature variability. The mutants of C. reinhardtii including CC-125, CC-1690, CC-

1692, CC-4033, CC-1173, CC-1168, CC-1175, CC-1181 , and CC-735 were observed 

carefully for difference in the protein contents of algae treated at 33 °c and found to have 

less protein contents as compared to their respective controls at 25 DC (Fig. 3.4). Mutant 

strains CC-1690, CC-1692 and CC-735 were affected more as their protein contents were 

much lower with respect to their controls. On the other hand strains CC-4033, CC-1168 

and CC-125 were affected least in term of protein contents. According to our data CC-

4033, CC-1168 and CC-125 stood better than remaining strains in protein contents at 33 

DC. 
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Figure 3.4: Effect of Temperature on Total Protein Contents of Nine Selected 

Mutant Strains of C. rein h ardtii. Green and red colored vertical bars represent the 

concentration of protein content along y-axis control and stress respectively. Protein 

contents of algae were expressed as micrograms per liter and the values corresponds to 

the mean of three independent replicates. Values indicate the average of three 

autonomous replicates ± s.e. 

3.1.4 Chlorophyll a Contents 

Chlorophyll is a very essential and energetic photosynthetic natural pigment extensively 

dispersed in species of algae. Concentration of chlorophyll can directly be linked to the 

algae growth. Increase of chlorophyll as indicator for growth for various microalgal 

strains. The total chlorophyll contents can be altered by physical factors, such as light 
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density and temperature variability. Due to the balanced growth, the chlorophyll can be 

chosen as the representative of growth. 

The mutants of C. reinhardtii including, CC-125, CC-1690, CC-1692, CC-4033 , CC-

1173, CC-1168, CC-1175, and CC-735 were observed carefully for difference in the 

chlorophyll a contents of algae treated at 33°C and found to have high chlorophyll a 

contents as compared to their respective controls at 25 °c while mutant of C. reinhardtii 

CC-1181 was observed to have less chlorophyll a content at 33°C as compared to its 

respective control at 25 °c (Fig 3.5). 

Our data showed that the chlorophyll a content in the selected strains were highly 

variable under the selected growth conditions of algae. The highest average total 

chlorophyll a content in the CC-735 (5.444 ± 0.56 ~gl-I), while the lowest value was 

recorded in CC-1175 (1.8152 ± 0.2 ~gCI) with respect to values of their controls (0.59 ± 

0.27 and 1.4378 ± 0.19 ~gl-I) respectively (Appendix S2). Mutant strains CC-1181 was 

affected more as its chlorophyll a content was much lower with respect to its control. On 

the other hand in strains CC-125, CC-1690, CC-1692, CC-735, CC-4033, CC-1168, CC-

1173 and CC-1175 there was increase observed in chlorophyll a contents. According to 

our data CC-125, CC-1690, CC-1692, CC-735, CC-4033 , CC-1168, CC-1173 and CC-

1175 stood better in chlorophyll a contents at 33°C. 
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Figure 3.5: Effect of Temperature on Chlorophyll a Contents of Nine Selected 

Mutant Strains of C. rein h ardtii. Green and red colored vertical bars represent the 

concentration of chlorophyll a content along y-axis control and stress respectively. 

Chlorophyll a contents of algae were expressed as micrograms per liter and the values 

corresponds to the mean of three independent replicates. Values indicate the average of 

three autonomous replicates ± s.e. 

3.1.5 Chlorophyll b Content 

Physical factors, such as light density and temperature variability can alter the total 

chlorophyll contents. The mutants of C. reinhardtii including, CC-1690, CC-1692, and 

CC-735 were observed carefully for the difference in chlorophyll b contents of algae 

treated at 33°C and found to have higher contents as compared to their respective 

controls at 25 °C. Mutants of C. reinhardtii including, CC-125, CC-4033 , CC-1175, CC-

1181, CC-1168 and CC-1173 were observed to have less chlorophyll b contents at 33°C 

as compared to their respective controls at 25 °c (Fig. 3.6). 

Our data showed that total chlorophyll b contents in the selected strains were highly 

variable under the selected growth conditions of algae. The highest average total 

chlorophyll b contents in the CC-735 (2.2659 ± 0.33 J.lgl-1
), while the lowest value was 

recorded in CC-1692 (1.463 ± 0.11 J.lgl- 1
) with respect to values of their control (0.555 ± I 

0.46 and 0.137 ± 0.00 J.lgC I
) respectively (Appendix S2). Mutant strains CC-1181 and 

CC-1175 were affected more as their chlorophyll b content was much lower with respect 
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to their controls. On the other hand strains CC-125, CC-4033, CC-1168 and CC-1173 

were affected least in term of chlorophyll b contents. While there was an increase 

observed in chlorophyll b contents of strain CC-1690, CC-1692 and CC-735. According 

to our data CC-1690, CC-1692 and CC-735 stood better than CC-1181 in chlorophyll b 

contents at 33 °C. 
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Figure 3.6: Effect of Temperature on Chlorophyll b Contents of Nine Selected 

Mutant Strains of C. reinhardtii. Green and red colored vertical bars represent the 

concentration of chlorophyll b content along y-axis control and stress respectively. 

Chlorophyll b contents of algae were expressed as micrograms per liter and the values 

corresponds to the mean of three independent replicates. Values indicate the average of 

three autonomous replicates ± s.e. 
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3.1.6 Carotenoids 

Carotenoids contribute to stabilize the structure and aid in the function of photosynthetic 

complexes in microalgae. They are involved in scavenging reactive oxygen species and 

dissipating excess energy. The intrinsic antioxidant activity of carotenoids constitutes the 

basis for their protective action against oxidative stress; however, not all biological 

activities claimed for carotenoids relate to their ability to inactivate free radicals and 

reactive oxygen species. The total carotenoids can be altered by physical factors, such as 

light density and temperature variability. The mutants of C. reinhardtii including, CC-

125, CC-1690, CC-1692, CC-4033, CC-1173, CC-1168 and CC-735 were observed 

carefully for difference in the carotenoids at 33°C and found to have higher contents as 

compared to their respective controls at 25 °c. Mutant of C. reinhardtii including, CC-

1181 and CC-1175 was observed to have less carotenoids at 33°C as compared to their 

respective controls at 25 °c. 

Our data showed that total carotenoids in the selected strains were highly variable under 

the selected growth conditions of algae. The highest average total carotenoids was 

observed in the CC-1690 (3.466 ± 1.13 IlgI-1
), while the lowest value was recorded in 

CC-125 (0.92 ± 0.17 IlgI-1
) with respect to values of their controls (0.457 ± 0.06 and 0.3 

± 0.02 IlgI-1
) respectively (Fig. 3. 7, Appendix S2). Mutant strains CC-1181 was affected 

more as its carotenoids content was much lower with respect to its control. On the other 

hand in strains CC-125 , CC-1690, CC-1692, CC-735 , CC-4033, CC-1168, CC-1173 and 

CC-1175 there was increase observed in carotenoids contents. According to our data CC-

125, CC-1690, CC-1692, CC-735, CC-4033, CC-1168, CC-1173 and CC-1175 stood 

better in carotenoids contents at 33°C. 
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Figure 3.7: Effect of Temperature on Carotenoids Contents of Nine Selected Mutant 

Strains of C. reinltardtii. Green and red colored vertical bars represent the concentration 

of carotenoids along y-axis control and stress respectively. Carotenoids contents of algae 

were expressed as micrograms per liter and the values corresponds to the mean of three 

independent replicates. Values indicate the average of three autonomous replicates ± s.e. 

3.1.7 Growth rate 

Even though micro algae are capable to stay alive in various temperatures, optimum 

temperature for growth and development is restricted to a range (20-30 °C). Basically, at 

optimum range of temperature, increase in temperature promoted the biomass production 

of microalgae. Increase in temperatures beyond the optimum range leads to cease growth 

rate, in severe conditions, even kill microalgae cells. The growth rate can be altered by 
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physical factors, such as light density and temperature variability. The mutant of C. 

reinhardtii including CC-1175 was observed carefully for difference in growth rate 

treated at 33°C and found to have increase in its growth rate as compared to its 

respective control at 25 °c. Mutant of C. reinhardtii including, CC-1181 , CC-125 , CC-

735, CC-4033, CC-1168, CC-1690, CC-1173 and CC-1692 were observed to have 

decrease in their growth rates at 33°C as compared to their respective controls at 25 °c 

(Fig. 3.8). 

Our data showed that the growth rate in the selected strains were highly variable under 

the selected growth conditions of algae. The highest growth rate was observed in the CC-

1175 (0.375 gd-1
), with respect to values of its control (0.198 gd-1

) (Appendix S2). 

Mutant trains CC-1181 , CC-1173 and CC-1692 were affected more as their growth rates 

were much lower with respect to their controls. On the other hand strains CC-125, CC-

4033, CC-1168, CC-1690 and CC-735 were affected least in term of their growth rates. 

While there was an increase observed in growth rate of strain CC-1175. According to 

our data CC-1175 stood better than all the remaining strains at 33°C. 
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Figure 3.8: Effect of Temperature on Growth Rate of Eleven Selected Mutant 

Strains of C. reinhardtii. Green and red colored vertical bars represent the growth rate 

along y-axis control and stress respectively. Growth rate expressed as grams per day. 

Values correspond to the mean of three independent replicates. Values indicate the 

average of three autonomous replicates ± s.e. 

3.1.8 Biomass and Lipid Content 

Temperature is able to affect the biomass accumulation and lipid content of microalgae. 

Numerous microalgae had been originated to increase their lipid content up to 50 % of 

their dry weight with increasing temperature. Hence, a proper increase in temperature 

appear to support generation of high quantity (increase in total productivity of lipid) and 

high quality (high saturation degrees of fatty acids) biodiesels. In order to analyze data 

more precisely we divided results in following four categories (A, B and C) 

A. Strains in Which Both Biomass Accumulation and Lipid Content Increases 

The lipid content and biomass accumulation can be altered by physical factors, such as 

light density and temperature variability. The mutant of C. reinhardtii including, CC-

1181 , CC-735, CC-1690, CC-1173 and CC-1175 were observed carefully for difference 

in biomass accumulation and lipid contents treated at 33°C and found to be increased, as 

compared to their respective controls at 25 DC. 
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Our data showed that the biomass and lipid contents in the selected strains were highly 

variable under the selected growth conditions of algae. The highest average total biomass 

in CC-1175 (3.97 giL), while the lowest value was recorded in CC-1173 that is 0.828 gCI 

with respect to values of their control 1. 00 giL and 0.7062 giL respectively. The highest 

average total lipid contents was observed in the CC-1l73 (1.0048 giL), while the lowest 

value was recorded in CC-1l81 that is 0.225 gCI with respect to values of their control 

0.5538 giL and 0.199 giL respectively (Appendix S2). 
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Figure 3.9: Biomass accumulation and Lipid Content in CC-1181, CC-735, CC-

1690, CC-1173 and CC-1175 Subjected to High Temperature Stress. Green and 

purple colored vertical bars represent biomass, while yellow and brown colored vertical 

bars represent the lipid content along y-axis. The results of the biomass analysis are 

expressed on giL. Values correspond to the mean of three independent replicates . Values 

indicate the average of three autonomous replicates ± s.e. 

B. Strain in Which Lipid Content Increases and Biomass Accumulation 

Decreases 

Mutant of C. reinhardtii CC-4033 was detected to have raise in lipid content and 

reduction in biomass accumulation at 33 DC as compared to their respective control at 25 

DC. The lipid content was increased in stress (0.6774 giL) treated at 33 DC, as compared to 

control (0.5846 giL) treated at 25 DC. (Appendix S2). While the biomass accumulation 

found to be decreased from 1.5952 giL in control to 0.5846 giL in heat stress. 
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Figure 3.10: Biomass Accumulation and Lipid Content in CC-4033 Subjected to 

High Temperature Stress. Green and purple colored vertical bars represent biomass, 

while yellow and brown colored vertical bars represent the lipid content along y-axis. The 

results of the biomass analysis are expressed on giL. Values correspond to the mean of 

three independent replicates. Values indicate the average of three autonomous replicates 

± s.e. 

C. Strains in Which Both Biomass Accumulation and Lipid Content Decreases 

Mutant of C. reinhardtii CC-125, CC-1692, and CC-1168 was observed to have decrease 

in both biomass accumulation and lipid contents at 33°C as compared to their respective 

controls at 25 °C. 
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Figure 3.11: Biomass Accumulation and Lipid Content in CC-125, CC-1692 and 

CC-1168 Subjected to High Temperature Stress. Green and purple colored vertical 

bars represent biomass, while yellow and brown colored vertical bars represent the lipid 

content along y-axis. The results of the biomass analysis are expressed on giL. Values 

correspond to the mean of three independent replicates. Values indicate the average of 

three autonomous replicates ± s.e. 
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3.1.9 FTIR Analysis 

On the basis of infrared absorption of functional groups FTIR spectra shows the 

macromolecular composition of the biomass. Therefore it allows the detection of 

variations in the relative abundance of organic pool such as carbohydrate, lipid and 

protein. FTIR spectra have been used as a fingerprint of the biochemical composition of 

the microalgal cell (Jebsen et at. , 2012; Stehfest et at. , 2005). There are three main 

regions that relate to macromolecular pools, according to (Giordano et at., 2001) the lipid 

band (around 1740 cm -I), the amide I and amide II bands representing proteins (around 

1660 and around 1540 cm- I
) and the carbohydrate region (1200 - 900 cm- I

). 
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Figure 3.12: FTIR spectrum in CC-1170 Subjected to High Temperature Stress of 

33°C. Each peak was assigned to a functional group. In control at 25 °c nine peaks while 

in stress at 33°C six different peaks are observed showing different functional groups 

which are shown in the table below. In stress absorbance value of functional group has 

changed to some extent and the intensity of some functional groups has increased while 

for others has decreased. In the spectrum, the region of C02 from the atmosphere is not 

presented. 
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Table 3.1 

CC-1170 

Wavenumber cm-1 Bond Functional group 

Control Stress Control Stress Control Stress 

3252.65 3374.95 O-H stretch O-H stretch, alcohols, alcohols, 
H-bonded phenols phenols 

2885.60 1633.94 C-H stretch N-Hbend Alkanes 1° 
amines 

2795.87 1549.44 H-C=O:C-H N-O aldehydes nitro 
stretch asymmetric compoun 

stretch ds 
1638.14 1379.96 N-Hbend C-H rock 1 ° amines Alkanes 

1526.16 1027.40 N- O asymmetric c-o stretch nitro alcohols, 
stretch compounds carboxyli 

c acids, 
esters, 
ethers 

1407.03 C-C stretch (in-ring) 
aromatics 

1027.06 C-O stretch alcohols, 
carboxylic 

acids, esters, 
ethers 

826.08 C-CI stretch alkyl halides 

784.20 C-Cl stretch alkyl halides 

Effect of Heat and Nitrogen Stress on Growth and Lipid Contents of Chlamydomonas 
reinhardtii 57 



Chapter 3 Results 
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Figure 3.13: FTIR spectrum in CC-1171 Subjected to High Temperature Stress of 

33°C. Each peak was assigned to a functional group. In control at 25 DC four peaks while 

in stress at 33 DC nine different peaks are observed showing different functional groups 

which are shown in the table below. In stress absorbance value of functional group has 

changed to some extent and the intensity of some functional groups has increased while 

for others has decreased. In the spectrum, the region of C02 from the atmosphere is not 

presented. 
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Table 3.2 

CC-l171 
Wavenumber cm-l Bond Functional group 

Control Stress Control Stress Control Stress 

3298.41 3254.71 O-H stretch O-H stretch carboxylic carboxylic 
acids acids 

1636.71 2884.11 N-Hbend C-H stretch 10 amines Alkanes 

1416.35 2796.53 C-C stretch H-C=O: C- (in-ring) Aldehydes 
H stretch aromatics 

1026.00 1638.71 C-O stretch N-Hbend alcohols, 10 amines 
carboxylic 

acids, esters, 
ethers 

1553.19 N-O nitro 
asymmetric compounds 

stretch 

1406.57 C-C stretch (in-ring) 
aromatics 

1027.04 C-O stretch alcohols, 
carboxylic 

acids, esters, 
ethers 

828.02 C-CI stretch alkyl halides 

636.23 -C=C-H:C- Alkynes 
Hbend 

620.07 -C=C-H:C- Alkynes 
Hbend 
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Figure 3.14: FTIR spectrum in CC-1173 Subjected to High Temperature Stress of 

33°C. Each peak was assigned to a functional group. In control at 25 °c and stress at 33 

°c twelve different peaks are observed showing different functional groups which are 

shown in the table below. In stress absorbance value of functional group has changed to 

some extent and the intensity of some functional groups has increased while for others 

has decreased. In the spectrum, the region of C02 from the atmosphere is not presented. 

Table 3.3 
CC-1173 

Wavenumber cm-1 Bond Functional group 

Control Stress 

3359.45 3354.72 N-H stretch primary, secondary amines, 
amides 

1637.87 1639.97 N-Hbond primary amines 

1037.98 1040.72 C- N stretch, c-o stretch aliphatic amines 
alcohols, carboxylic acids, 

esters, ethers 
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Figure 3.15: FTIR spectrum in CC-4033 Subjected to High Temperature Stress of 

33°C. Each peak was assigned to a functional group. In control at 25 °c seven different 

peaks while in stress at 33°C twelve different peaks are observed showing different 

functional groups which are shown in the table below. In stress absorbance value of 

functional group has changed to some extent and the intensity of some functional groups 

has increased while for others has decreased. In the spectrum, the region of C02 from the 

atmosphere is not presented. 
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Table 3.4 

Stress CC-4033 

Wavenumber cm-l Bond Functional group 

Control Stress Control Stress Control Stress 

3363 .30 3270.81 O-H stretch, H- N-H stretch alcohols, 1°, 2° 
bonded phenols amlnes, 

amides 
1635.72 2815.67 N-Hbend H-C=O: C-H primary Aldehydes 

stretch amines 
1041.46 1640.95 C-N stretch, C-O N-Hbend aliphatic primary 

stretch amines amines 
alcohols, 

carboxylic 
acids, esters, 

ethers 
1537.41 N-O nitro 

asymmetric compounds 
stretch 

1332.62 N-O nitro 
symmetric compounds 

stretch 
1224.44 C-N stretch aliphatic 

amines 
1028.68 C-O stretch alcohols, 

carboxylic 
acids, esters, 

ethers 
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3.2 Response to Nitrogen limitation of C. reinhardtii 

Macronutrients and micronutrients are the nutrients supplied to microalgal cultures. 

Inadequacy of nutrients might affect structural and physiological variations of microalgal 

cells, hence decreases the developmental rates and production of biomass. Nitrogen and 

phosphorus are the two very significant supplements necessary for micro algal growth, 

and the ratio of nitrogen to phosphorus could control the starvation of nutrients. Nitrogen 

is involved in the biosynthesis of nucleus acids, proteins, and photosynthetic pigments. 

Inadequacy of nitrogen reduced the manufacture of photosynthetic proteins and pigments, 

hence impact the productivity of microalgal biomass. 

To analyze the effect of nitrogen (N) stress on C. reinhardtii grown under 

photo autotrophic conditions, we pre-cultured the all the strains under experiments to 

middle logarithmic phase in MS media with different concentrations of nitrogen. Cells 

were then grown under photo autotrophic conditions for 14 days. Cultures were examined 

on every 2nd day for specific analyses. 

3.2.1 Carbohydrate Content 

When microalgae were harvested in condition of nutrient limitation, it changes their 

metabolic system and biochemical composition. Inadequacy of nitrogen moreover 

promotes rise in biosynthesis of carbohydrates in several species of microalgae, up to 

four fold increase in carbohydrate contents. 

The mutants of C. reinhardtii including CC-735 and CC-1676 were observed carefully 

for difference in the carbohydrate content at different nitrogen concentrations and seems 

to have higher content at 0.125 mg/L while CC-1181 appeared to have higher content of 

total carbohydrate at 0.25 mg/L of nitrogen concentrations as compared to the respective 

controls grown having normal concentration of nitrogen. Mutants of C. reinhardtii CC-

4033 and CC-1692 appeared to be got increased in carbohydrate content in all the given 

concentrations (0.125, 0.25, 0.5 mg/L) of nitrogen as compared to the strains grown in 

MS media having normal concentration of nitrogen. In CC-1170, CC-1173 and CC-125 

carbohydrate content appeared to be got decreased when cultured with media having 
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higher concentration of nitrogen as compared to the strains grown in MS media having 

normal concentration of nitrogen (Fig 3.12). 

Our data showed that the highest average total carbohydrate content in the CC-1692 

(63.66 ± 11.0 ~gl-l) under 0.25 mg/L NH4N03 concentration, while the lowest value was 

recorded in CC-1676 (49.35 ± 2.1 ~gCI) under 0.50 mg/L ~N03 concentration with 

respect to values of their controls (47.64 ± 5.8 and 48 .16 ± 10.0 ~gCI) respectively 

(Appendix S3). Mutant strains CC-4033 and CC-1692 stood better in carbohydrate 

contents than the remaining strains as they got increased in all concentrations of nitrogen. 
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Figure 3.16: Effect of Nitrogen Concentration on Carbohydrate of Eight Selected 

Mutant Strains of C. reinhardtii. Carbohydrate content (JlgL -I) of mutants strains of C. 

reinhardtii exposed to different NH4N03 concentrations. Green bars represent treatments 

without NH4N03, yellow bars 0.125 mg L -I , brown bars represent 0.25 mg L -I , while 

blue bars represents 0.50 mg L - I of ~N03 . Error bars represent standard deviation for 

n=3. 
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3.2.2 Protein Content 

Nitrogen is critical for protein biosynthesis. Inadequacy of nitrogen reduces the 

production of photosynthetic proteins and pigments, hence impacts the productivity of 

microalgal biomass. Comprehensive analyses and nutritional studies have demonstrated 

that these algal proteins are of high quality and comparable to conventional vegetable 

proteins. 

The mutants of C. reinhardtii were observed carefully for difference in protein content 

under different nitrogen concentrations. Strain CC-735 was observed to have higher 

protein content at 0.125 mglL of nitrogen, while 0.25 mg/L of nitrogen appeared to be 

more effective in CC-4033. The remaining mutant strains CC-1173, CC-125 , CC-1692, 

CC-1676, CC-1181 and CC-1170 appeared to achieve high protein content at 0.50 mglL 

of nitrogen added to growth media (Fig 3.13). 

Our data showed that the total protein contents in the selected strains were highly variable 

under the selected growth conditions of algae. The highest average total protein content 

in the CC-735 (5.5066 ± 0.38 flgl-I) under 0.125 mglL NH4N03 concentration, while the 

lowest value was recorded in CC-1173 (7.477 ± 0.58 flgl- I) under 0.50 mg/L NH4N03 

concentration with respect to values of their controls (2.048 ± 0.40 flgl-I and 7.047 ± 0.24 

flgl-I) respectively (Appendix S3). 
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Figure 3.17: Effect of Nitrogen Concentration on Protein Contents of Selected 

Mutant Strains of C. rein h ardtii. Protein contents (/-lgL-1
) of mutant strains of C. 

reinhardtii exposed to different NH4N03 concentrations. Green bars represent treatments 

without NH4N03, yellow bars represent 0.125 mg L -I , brown bars represent 0.25 mg L -], 

while blue bars represents 0.50 mg L - ] of NH4N03. Error bars represent standard 

deviation for n=3. 

3.2.3 Chlorophyll a Content 

The pigment content in microalgae is a specific feature of each species. Chlorophyll a is 

generally the factor being used as the tropic indicator, mostly for the reason that the 

association between the content of this pigment and the quantity of algal biomass is quite 

direct. Spectrophotometric analysis referred as a good and practical tool for chlorophyll 

evaluation. 

The mutants of C. reinhardtii were observed carefully for difference in chlorophyll a 

content under different nitrogen concentrations. The total chlorophyll a contents can be 

altered by physical factors, such nitrogen limitation, light density and temperature 

variability. Chlorophyll a content in CC-1173 appeared to have higher value at 0.125 

mg/L of nitrogen while 0.25 mg/L of nitrogen concentration appeared to be more 

effective in CC-735 and CC-1181. On the other hand in strain CC-1690, CC-1676 and 

CC-1170 there was a maximum increase observed at 0.50 mg/L concentration of 

nitrogen. In CC-125 and CC-4033 there was no such increase observed under different 
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nitrogen concentrations as compared to the strains grown in MS media having normal 

concentration of nitrogen (Fig 3.14). 

Our data showed that the total chlorophyll a contents in the selected strains were highly 

variable under the selected growth conditions of algae . The highest average total 

chlorophyll a content in the CC-1173 (3.164 ± 0.00 Ilgl- 1) under 0.125 mg/L NH4N03 

concentration, while the lowest value was recorded in CC-1676 (0.42 ± 0.1 0 Ilgl-1) under 

0.50 mg/L NH4N03 concentration with respect to values of their controls (1.714 ± 0.00 

Ilgl-1 and 0.3366 ± 0.03 Ilgl-1) respectively (Appendix S3). 
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Figure 3.18: Effect of Nitrogen Concentration on Chlorophyll a Content of Eight 

Selected Mutant Strains of C. reinhardtii. Chlorophyll a content (~gL- ) of mutants 

strains of C. reinhardtii exposed to different NH4N03 concentrations. Green bars 

represent treatments without NH4N03, yellow bars represent 0.125 mg L -), brown bars 

represent 0.25 mg L -), while blue bars represents 0.50 mg L -) of NHtN03. Error bars 

represent standard deviation for n=3. 
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3.2.4 Chlorophyll b Content 

The mutants of C. reinhardtii were observed carefully for difference in chlorophyll b 

content under different nitrogen concentrations. The total chlorophyll b contents can be 

altered by physical factors, such nitrogen limitation, light density and temperature 

variability. Chlorophyll b content in CC-1173 appeared to have higher value at 0.125 

mg/L of nitrogen while 0.25 mg/L of nitrogen appeared to be more effective in CC-735 

and CC-1181 and CC-1676. On the other side in strain CC-125, CC-1692 and CC-1170 

there was a maximum increase observed at 0.50 mg/L concentration of nitrogen. In CC-

4033 there was no such increase observed under different nitrogen concentrations as 

compared to the strains grown in MS media having normal concentrations of nitrogen 

(Fig 3.15). 

Our data showed that the total chlorophyll b contents in the selected strains were highly 

variable under the selected growth conditions of algae. The highest average total 

chlorophyll b content in the CC-1173 (5 .042 ± 0.00 ~gl-I) under 0.125 mg/L NH4N03 

concentration, while the lowest value was recorded in CC-125 (1.1509 ± 0.00 ~gl-I) 

under 0.50 mg/L NH4N03 concentration with respect to values of their controls (2.4311 ± 

0.00 ~gl-I and 1.092± 0.00 ~gCI) respectively (Appendix S3). 
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Figure 3.19: Effect of Nitrogen Concentration on Chlorophyll b Contents of Eight 

Selected Mutant Strains of C. reinhardtii. Chlorophyll b content (llgL - I) of mutants 

strains of C. reinhardtii exposed to different NH4N03 concentrations. Green bars 

represent treatments without NH4N03, yellow bars represent 0.125 mg L-1
, brown bars 

represent 0.25 mg L- 1
, while blue bars represents 0.50 mg L-1 of~N03. Error bars 

represent standard deviation for n=3. 

3.2.5 Carotenoids 

Considering the importance of carotenoids, present work was initiated to investigate on 

isolation of carotenoids from different mutant strain C. reinhardtii and quantity of total 

carotenoids present in the cell of C. reinhardtii. In addition, chemical stress (Nitrogen 

depletion) will be introduced into mass culture to induce the production of carotenoids. 

The study was aimed to quantify the percentage of total carotenoids present in a cell of C. 

reinhardtii to promote excessive carotenoids production by introducing chemical stress 

(Nitrogen depletion) during mass culture and to prepare an optimum medium for growth 

of C. reinhardtii. Carotenoids are sky-scarping in demand in global market owing to its 

widespread industrial application food processing, pharmaceutical and medicinal 

purposes. This has stimulated research and development of carotenoids from naturally 

occurring sources especially microalgae because they are among the fastest growing 

autotrophs on earth, which utilize commonly available material for growth, high 

productivity. In microalgae, carotenoids function as accessory pigments in the 
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photosystems, as structural components of light harvesting complexes, as well as photo 

protective agents and also playing role in photoaxis. 

The mutants of C. reinhardtii were observed carefully for difference in carotenoids 

content under different nitrogen concentrations. The total carotenoids content can be 

altered by physical factors , such nitrogen limitation, light density and temperature 

variability. Strain CC-1173 appeared to be got increased in carotenoids at 0.125 mg/L 

concentration of nitrogen, while CC-735, CC-1181 and CC-1676 appeared to have high 

carotenoids content at 0.25 mg/L. Similarly strain CC-1692 and CC-1170 show a 

maximum increase at 0.50 mg/L concentration of nitrogen as compared to the strains 

grown in MS media having normal concentration of nitrogen. However CC-4033 and 

CC-125 appeared to be got decreased in carotenoids content when cultured with media 

having higher concentrations of nitrogen as compared to the strains grown in MS media 

having normal concentrations of nitrogen. 

Our data showed that the total carotenoids in the selected strains were highly variable 

under the selected growth conditions of algae. The highest average total carotenoids in 

the CC-1173 (1.303 ± 0.00 flgl-') under 0.125 mg/L NH4N03 concentration (Fig. 3.16), 

while the lowest value was recorded in CC-1181 that is (0.185 ± 0.09 flgl- ') under 0.125 

mg/L NH4N03 concentration with respect to values of their controls (0.615 ± 0.00 flgl-1 

and 0.1674± 0.06 flgl-1) respectively (Appendix S3). 
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Figure 3.20: Effect Of Nitrogen Concentrations on Carotenoids Contents of Eight 

Selected Mutant Strains of C. reinhardtii. Carotenoids content (f.,lgL- 1
) of mutants 

strains of C. reinhardtii exposed to different NH4N03 concentrations. Green bars 

represent treatments without NH4N03, yellow bars represent 0.125 mg L-1
, brown bars 

represent 0.25 mg L-1
, while blue bars represents 0.50 mg L-1 of NH4N03. Error bars 

represent standard deviation for n=3. 

3.2.6 Growth rate 

Inadequacy of nitrogen may affect structural and physiological variations in cells of 

microalgae, hence reduces developmental rates and production of biomass. Microalgae 

are a promising alternative source of vegetable oil. Due to their simple cellular structure, 

algae have higher rates of biomass and oil production than conventional crops. 

Mutants of C. reinhardtii CC-1173 and CC-1692 appeared to be increased in growth rate 

when cultured with media having higher concentration of nitrogen as compared to the 

strains grown in MS media having normal concentration of nitrogen while CC-125, CC-

735 , CC-1181 , CC-1676, CC-4033 and CC-1170 appeared to have a gradual increase in 

growth rate when cultured with media having higher concentration of nitrogen as 

compared to the strains grown in MS media having normal concentration of nitrogen. 

As a result, total growth rate in the selected strains were determined and highly individual 

differences were defined. The highest average total growth rate in the CC-1173 was 

0.1015 gd-I under 0.50 mg/L NH4N03 concentration (Fig 3.17), while the lowest value 

was recorded in CC-1676 that is 0.100385 gd-1 under 0.50 mg/L NH4N03 concentration 

with respect to values of their control 0.019437 and 0.09944 respectively (Appendix S3). 
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Figure 3.21: Effect of Nitrogen Concentration on Growth Rate of Eight Selected 

Mutant Strains of C. reinhardtii. Growth rate (gd- I
) of mutants strains of C. reinhardtii 

exposed to different NH4N03 concentrations. Green bars represent treatments without 

NH4N03, yellow bars represent 0.125 mg L- 1
, brown bars represent 0.25 mg L- 1

, while 

blue bars represents 0.50 mg L -\ ofNH4N03. 
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3.2.7 Biomass and Lipid Content 

Nitrogen appears to be a very important and necessary nutrient affecting the metabolism 

of lipid in microalgal cells. According to some reported data nitrogen limitation leads to 

increase lipid accumulation in various microalgal species. The production of biomass in 

microalgae can be greatly motivated by intensity of light, temperature, nutrient 

availability, salinity and pH. 

A. Strains in Which Both Biomass Accumulation and Lipid Content Increases 

Our data showed that the biomass and lipid contents in the selected strains were highly 

variable under the selected growth conditions of algae. Mutants of C. reinhardtii CC-

1181 and CC-4033 appeared to have increased accumulation in biomass and lipid content 

when cultured with media having higher concentration of nitrogen as compared to the 

strains grown in MS media having normal concentration of nitrogen. 

As a result, biomass accumulation and lipid content in the selected strains were 

determined and highly individual differences were defined. The highest average total 

biomass in CC-4033 (5.866 giL) under 0.50 mglL NlLtN03 concentration (Fig 3.18), 

while the lowest value was recorded in CC-4033 (0.7333 g/L)under 0.125 mglL NH4N03 

concentration with respect to values of their control 0.5888 (Appendix S3). 

The highest average total lipid contents was observed in biomass in CC-1181 (1.644 giL) 

under 0.25 mglL NH4N03 concentration (Fig 3.18), while the lowest value was recorded 

in CC-1181 (1.34 gIL) under 0.125 mg/L NH4N03 concentration with respect to values of 

its control 1.2297 (Appendix S3). 
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Figure 3.22: Biomass Accumulation and Lipid Content in CC-1181 and CC-4033 

Subjected to Nitrogen Stress. Biomass and lipid content (gL -1) of mutants strains of C. 

reinhardtii exposed to different NH4N03 concentrations. Purple bars represent biomass 

and orange bars represent lipid content at normal (c), stress 1 (0.125 mg L -1), stress 2 

(0.25 mg L -1) and stress3 (0.50 mg L -1) ofNH4N03 respectively' 
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B. Strains in Which Biomass Accumulation Increases and Lipid Content 

Gradually Increases. 

Mutants of C. reinhardtii CC-1173, CC-125 and CC-1692 appeared to have increase in 

biomass accumulation and gradual increase in lipid content when cultured with media 

having higher concentration of nitrogen as compared to the strains grown in MS media 

having normal concentration of nitrogen. 

As a result, biomass accumulation and lipid content in the selected strains were 

determined and highly individual differences were defined. The highest average total 

biomass in CC-125 (2.77 giL) under 0.50 mglL NH4N03 concentration (Fig 3.1 9), while 

the lowest value was recorded in CC-1692 (0.52 giL) under 0.125 mglL NH4N03 

concentration with respect to values of their controls 0.4841 giL and 0.4379 giL 

respectively (Appendix S3). 

The highest average total lipid contents was observed in biomass in CC-1173 (1.5589 

giL) under 0.25 mglL NH4N03 concentration (Fig 3.19), while the lowest value was 

recorded in CC-1692 (0.5609 giL) under 0.25 mglL NH4N03 concentration with respect 

to values of their controls 1.1484 giL and 0.56483 giL respectively (Appendix S3). 
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Figure 3.23: Biomass Accumulation and Lipid Content in CC-1173, CC-12S and 

CC-1692 Subjected to Nitrogen Stress. Biomass and lipid content (gl- I) of mutants 

strains of C. reinhardtii exposed to different NH4N03 concentrations. Purple bars 

represent biomass and orange bars represent lipid content at normal (c), stress 1 (0.125 

mg L -I), stress 2 (0.25 mg L - I) and stress3 (0.50 mg L -I) ofNH4N03 respectively' 
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C. Strains in Which Lipid Content Increases and Biomass Accumulation 

Gradually Increases 

Mutants of C. reinhardtii CC-735, and CC-1170 appeared to have increase in lipid 

content and gradual increase in biomass accumulation when cultured with media having 

higher concentration of nitrogen as compared to the strains grown in MS media having 

normal concentration of nitrogen. 

As a result, biomass accumulation and lipid content in the selected strains were 

determined and highly individual differences were defined. The highest average total 

biomass in CC-1170 (5.225 giL) under 0.50 mglL NH4N03 concentration (Fig 3.20), 

while the lowest value was recorded in CC-735 (0.5955 giL) under 0.125 mglL NH4N03 

concentration with respect to values of their controls 0.9666 gIL and 1 giL respectively 

(Appendix S3). 

The highest average total lipid contents was observed in biomass in CC-735 (1.696 giL) 

under 0.25 mglL NH4N03 concentration (Fig 3.20), while the lowest value was recorded 

in CC-735 (1 .288 gIL) under 0.125 mglL NH4N03 concentration with respect to values of 

their control 1.12591 giL (Appendix S3). 
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Figure 3.24: Biomass Accumulation and Lipid Content in CC-735 and CC-1170 

Subjected to Nitrogen Stress. Biomass and lipid content (gl-I) of mutants strains of C. 

reinhardtii exposed to different NH4N03 concentrations. Purple bars represent biomass 

and orange bars represent lipid content at normal (c), stress 1 (0.125 mg L -I), stress 2 

(0.25 mg L -I) and stress3 (0.50 mg L -I) ofNH4N03 respectively' 

D. Strains in Which Biomass Accumulation Increases and Lipid content 

Decreases 

Mutant of C. reinhardtii CC-1676 appeared to have increase in biomass accumulation 

and decreases in lipid content when cultured with media having higher concentration of 

nitrogen as compared to the strains grown in MS media having normal concentration of 

nitrogen. 

As a result, biomass accumulation and lipid content in the selected strains were 

determined and highly individual differences were defined. The highest average total 

biomass in CC-1676 (2.805 gIL) under 0.50 mglL ~N03 concentration (Fig 3.21), 

while the lowest value was recorded in CC-1676 (0.4982 giL) under 0.125 mg/L NH4N03 

concentration with respect to values of their control 0.3744 giL (Appendix S3). 

The highest average total lipid contents was observed in biomass in CC-1676 (1.548 giL) 

under 0.50 mg/L NH4N03 concentration (Fig 3.21), while the lowest value was recorded 
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in CC-1676 (1.36 giL) under 0.25 mg/L NH4N03 concentration with respect to values of 

their control 1.966 (Appendix S3). 
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Figure 3.25: Biomass Accumulation and Lipid Content in CC-1676 Subjected to 

Nitrogen Stress. Biomass and lipid content (grl) of mutants strains of C. reinhardtii 

exposed to different NH4N03 concentrations. Purple bars represent biomass and orange 

bars represent lipid content at normal (c), stress 1 (0.125 mg L-1
) , stress 2 (0.25 mg L-1

) 

and stress 3 (0.50 mg L -I) of~N03 respectively. 
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Discussion 

How to trigger oil synthesis and increase oil content in vegetative cells (plant leaves or 

micro algae ) is a hot topic in many industrial and academic labs across the globe. 

Microalgal biomass and lipid content plays an important role for economical production 

of biofuel. The algal species C. reinhardtii cannot grow in absence of source of nitrogen 

and its developmental rate is related directly to nitrate concentration in the medium. In 

Nannochloropsis sp, with low nitrate concentration decrease in algal biomass 

concentration has been reported by Hanhua and Gao (2005). It has also been reported that 

under nitrogen stress conditions, carbon metabolites were accumulated by algal cells as 

lipids (Yeesang and Cheirsilp, 2011). According to some earlier reports, in nitrogen 

deprived conditions, macromolecules containing nitrogen and carbon store compounds 

such as carbohydrates and fats are increased (Banerjee et aI., 2002; Dayananda et aI., 

2006). 

Previous studies have shown that nitrogen inadequacy results in an increase in the cell 

volume, also in C. reinhardtii (Donk et aI. , 1997) and S. subspicatus (Sterner et aI. , 

1993). In contrast, other algae including Ankistrodesmus and Stephanodiscus have earlier 

shown a decrease in cell volume in response to inadequacy of nitrogen (Kilharn et al. , 

1997; Lynn et al., 2000). Majority of previous investigations of nutrient limitation 

inducing lipid production, assessed nitrogen limitation alone with development in the 

medium having very low concentrations of nitrogen (Tornabene et al., 1983). 

The most promising renewable source of biofuel is considered microalgae. However, for 

economically feasible production of algal biofuels, different studies have underlined the 

requirement of low-cost culture systems, by use of sunlight as major energy source for 

biomass production (Griffiths and Harrison, 2009; Hu et aI., 2008; Rodolfi et al., 2009; 

Scott et aI., 2010; Wijffels and Barbosa, 2010). Therefore, accumulation of metabolites 

in Chlamydomonas and Coccomyxa cells subjected to nitrogen starvation was 

investigated in harshly photo autotrophic conditions, as a result that the information 

gained might be functional for understanding the life of strains production (Morowvat et 

aI., 2010). 
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C. reinhardtii, when subjected to a variety of stress conditions like nitrogen deprivation, 

high salinity, sulfur deficiency or exposure to high light, it accumulates both starch and 

TAGs (Ball et a!. , 1990; Dean et al. , 2010; Doebbe et a!., 2010; Fan et al. , 2011 ; Klein, 

1987; Kropat et a!. , 2011; Li et al., 2010; Matthew et al. , 2009; Moellering and Benning, 

2010; Siaut et a!. , 2011 ; Work et a!., 2010) . 

The nitrogen deficiency is necessary to induce a significant lipid production (Spoehr and 

Milner, 1949), but such culture conditions strongly affect the growth rate, and thus the 

net productivity (Rodolfi et a!., 2009). Looking for a species which can maintain a high 

productivity under nitrogen-limiting conditions is thus a key challenge. The present study 

shows that in strain CC- 1173, CC-1181 and CC-735 there was a maximum increase of 

1.5 folds and 1.3 folds respectively in lipid content at 0.250 mg/L concentration of 

NH4N03 in comparison with control at 0 mg/L concentration. In strain CC-1 25 and CC-

1170 there was a maximum increase of 1.3 folds and 1.5 folds in lipid content at 0.125 

mg/L concentration of NH4N03 respectively as compared to control with 0 mg/L. 

similarly in strain CC-1692 and CC-4033 there was a maximum increase of 1.6 folds and 

1.3 folds at 0.50 mg/L concentration ofNH4N03 respectively. While in CC-1676 there is 

no such increase found in lipid content under different concentrations of nitrogen. The 

reaction of NH4N03 concentration on C. reinhardtii growth and lipid content is 

summarized in Table S3 below. 

The present study shows that in strain CC-1690, CC-4033, CC-1173, CC-1181, CC-735 

and CC-1175 there was a maximum increase of 1.5, 1.1 , 1.8, 1.1 , 1.8 and 1 fo ld 

respectively in lipid content under high temperature stress of 33 DC, while in strain CC-

125, CC-1692, CC-1168, CC-1170 and CC-1171 there was no such increase found in the 

lipid content at 33 DC. The effect of high temperature on C. reinhardtii growth and lipid 

content is summarized in Table S2 below. 

In many species of marine microalgae high growth temperatures have been shown to 

favor the formation of saturated FAs (Mortensen et a!., 1988; Renaud et a!., 1995; 

Thompson et a!., 1992). It has been reported that small but significant decreases has been 

found in the lipid production at higher growth temperatures in three species (Chaetoceros 

sp., Rhodomonas sp. and prymnesiophyte NT19), (Renaud et al., 2002) which follows the 
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trend reported earlier for Chaetoceros calcitrans and C. simplex (Thompson et aI. , 1992) 

and Nitzschia sp. (Renaud et aI., 1995). Yet, these results has been in disagreement with 

reports of higher production of lipid, been observed at high temperatures for several 

species of micro algae (Aaronson, 1973; De Oliveira et aI. , 1999; Tomaselli et aI. , 1988 ; 

Tornabene et aI. , 1983). It has been recommended that the effect of high temperature was 

due to termination of growth at intense temperatures by permanent damage to plant 

enzymes (Opute, 1974). 

It has been reported that nitrogen starvation conditions were significantly increasing the 

contents of lipid of many microalgae (Illman et al., 2000). In N oculata and C. 

vulgaris, it has been reported that under nitrogen stress (of NaN03) the growth rate was 

not specifically affected and a threefold increase was observed in the content of lipid. On 

the other hand a gradual reduction in growth rate has been observed in N oculata and the 

content of lipids were increased by two folds (Converti et aI., 2009). The present study 

shows that in strain CC- 1173, CC-1692, CC-1181, CC-1676 and CC-1170 there was a 

maximum increase of 5.2, 2.7, 1.3,1 and 0.1 folds respectively in growth rate at 0.50 

mg/L concentration of NH4N03. In strain CC-125 .and CC-735 there was a maximum 

increase of 1.8 folds in growth rate at 0.25 mg/L concentration of NH4N03 as compared 

to control with 0 mg/L. Similarly in strain CC-4033 there is a maximum increase of 0.04 

folds in growth rate at 0.125 mg/L concentration of NH4N03 as compared to control 

under nitrogen stress. 

Under high temperature stress of 33°C there was no such increase found in growth rate 

of different mutants of C. reinhardtii except CC-1175 in which there was a maximum 

increase of 1.8 folds . 

It has been verified that the reduction of light intensity plays a significant role in reducing 

the growth rate of microorganisms (Danesi et aI., 2004). The nutrients present in the 

culturing medium also play an important role in growth of microalgae. An example is the 

growth of microalgae in nitrogen limited conditions which results in reduction in the 

density of cell (Dean et al., 2010; Nigam et aI., 2011). The data shows that decreasing the 

intensity of light and inadequacy of nitrogen reduces the growth in Scenedesmus 
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dimorphus . Yet, the anti-proliferative effect was more distinct III cells cultured m 

limitation of light. 

The present study shows that in strain CC-1676, CC- 125, CC-735 , CC-1181 , CC-1692, 

CC-4033 and CC-1170 there was a maximum increase of 7.5 , 5.7, 2.2,4.7,4.7, 10 and 

5.4 folds respectively in biomass at 0.50 mg/L concentration of NH4N03. Similarly In 

strain CC-1173 there was a maximum increase of 2.2 folds in biomass at 0.25 mg/L 

concentration ofNH4N03 as compared to control with 0 mg/ concentration ofNH4N03. 

There are a 2.9, 1.2, 1.3, 1.1 , 1.5 and 3.9 folds increase in biomass accumulation of 

strains CC-1690, CC-1173, CC-1l81 , CC-735, CC-1171 and CC-1175 Under high 

temperature stress of 33°C. While in strain CC-125, CC-1692, CC-4033 , CC-1168 and 

CC-1170 there was no such increase observed. 

The variability in carbohydrate content with change in culture temperature has been 

previously described for temperature microalgal species cultured within the range 10-25 

°c (Thompson et aI., 1992) Those workers reported percentages of carbohydrate 

fluctuating by 3% over the experimental temperature range, which was similar to the 

findings of the present study. 

Interestingly, in spite of these species-specific variations, both Coccomyxa sp. C-169 

and C. reinhardtii CC-125 shows same trends in the production of starch and in the 

reduction of chlorophyll content trigger by nitrogen limitation. Giving the significant 

variance in habitat and phylogeny among these algal species, these observations suggests 

that some metabolic responses to N starvation might be shared by a wide range of green 

microalgae.(Msanne et al., 2012). 

The present study shows that in strains CC-1692 and CC-1181 there is a maXimum 

increase of 1 fold in carbohydrate content under nitrogen stress of 0.25 mg/L NH4N03 as 

compared to control having 0 concentration of NH4N03, Similarly in strains CC-735 , 

CC-1676 and CC-4033 there was a maximum increase of 1.16, 1.1 and 1.3 folds 

respectively in carbohydrate content at 0.125 mg/L ofNH4N03. While in strain CC-1173, 

CC-125 and CC-1l70 there is no increase found in the content of carbohydrate under 

nitrogen stress as compared to control at 0 mg/L concentration ofNH4N03. 
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The present study shows that in strain CC-403 3, CC-ll 75, CC-1l81 and CC-735 there 

was a maximum increase of 1.1, 1.3, 1.1 and 1.4 folds respectively in carbohydrate 

content at high temperature of 33 DC as compared to control samples at 25 DC while in 

strains CC-125, CC-1690, CC-1173 and CC-1168 there is no such increase in the content 

of carbohydrates at 33 DC as compared to control at 25 DC. 

In the algal samples the quantification of total protein concentration shows that in 

response to nitrogen starvation a minimal change has been observed in protein content. 

An examples are the cells of C. reinhardtii and S. subspicatus which when grown in low 

nitrogen medium, shows an 18% and 15% reduction in total protein content. On the other 

hand the total protein contents were reduced by 11 % and 9%, respectively in 

intermediate-N medium in C. reinhardtii cells and S. subspicatus cells. These 

observations are against to the observation of some previous reports. In marine diatom 

Chaetoceros muellerii the total cellular protein had been extensively decreased following 

nitrogen limitation (Giordano et aI., 2001). while, for some microalgae, such as Chlorella 

emersonii and Chlorella protothecoides, low nitrogen treatment do not significantly 

decrease the content of protein recommending that on cellular protein the effect of N­

starvation might also be dependent on species.(Illman et aI., 2000) 

The present study shows that in strain CC-1173, CC- 125, CC-1692, CC-1181 , CC-1676 

and CC-1l70 there was a maximum increase of 1, 1.5, 1.7,2. 1, 1.5 and 1.4 folds 

respectively in protein content at 0.50 mg/L concentration of NH4N03 as compared to 

control with 0 mg/L. similarly in strain CC-735 and CC-4033 there was a maximum 

increase of 2.6 and 3.7 folds at 0.125 mg/L and 0.25 mg/L concentration of NH4N03 

respectively as compared to control with 0 mg/L. There was no such increase recorded in 

protein content at 33 DC as compared to strains at 25 DC. 

The availability of nitrogen and the intensity of light are the significant features that 

regulate the growth, biochemical composition of microalgae and the content of 

chlorophyll . And hence, the availability of nitrogen and the intensity of light are 

important for development, reproduction and photosynthetic activity of microalgae. 

Therefore, it has been estimated that in nitrogen deficiency in the medium extensively 

decrease the production of chlorophyll in Scenedesmus dimorphus . Same reports were 
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observed by using microalgae Chlorella minutissima, which in three days of nitrogen 

starvation shows an increase in the content of lipid and condensed chloroplast, which 

suggests that nitrogen starvation leads to chloroplast damage (Wang et al., 2011). 

The present study shows that in strain CC-1692, CC-1676 and CC-1170 there was a 

maximum increase of 1.3 , 1.2 and 1.6 folds respectively in chlorophyll a content at 0.50 

mg/L concentration of NH4N03 as compared to control with 0 mg/L. Similarly in strain 

CC-735 and CC-1181 there was a maximum increase of 1.5 and 2 folds respectively at 

0.25 mg/L concentration of NH4N03 While in strain CC-1173 there was a maximum 

increase of 1.8 folds at 0.125 mg/L concentration ofNH4N03 as compared to control with 

o mg/L. On the other hand in strains CC-125 and CC-4033 there is no such increase 

found in the chlorophyll a content under different concentrations ofNH4N03. 

The present study shows that in strain CC-125, CC-1690, CC-1692, CC-1173, CC-1168, 

CC-1175 and CC-735 there is a maximum increase of 3.4, 2.7, 2.8, 1.9, 2.5, 1.2 and 9.1 

folds respectively in chlorophyll a content at 33°C as compared to control strains at 25 

0c. While in strain CC-4033 and CC-1181 there is no such increase in chlorophyll a 

content at 33°C. 

The present study shows that in strain CC-125 , CC-1692 and CC-1170 there is a 

maximum increase of 1, 1.2 and 1.6 respectively in chlorophyll b content at 0.50 mg/L 

concentration of NH4N03 as compared to control with 0 mg/L. Similarly in strain CC-

735, CC-1181 and CC-1676 there was a maximum increase of 1.4, 2 and 1.3 folds 

respectively at 0.25 mg/L concentration of NH4N03 and in strain CC-1173 there is a 

maximum increase of 2 folds at 0.125 mg/L concentration of NH4N03 as compared to 

control with 0 mg/L. while in strain CC-4033 there is no such increase found in the 

chlorophyll b content. 

The present study shows that in strain CC-1690, CC-1692 and CC-735 there was a 

maximum increase of 1.5, 1 and 4 folds in chlorophyll b content at 33°C as compared to 

control strains at 25 °c. While in strain CC-125, CC-4033, CC-1173, CC-1168, CC-1175 

and CC-1181 there was no such increase recorded in chlorophyll b content at 33°C as 

compared to control strains at 25 0c. 
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The present study shows that in strain CC-1692 and CC-1170 there was a maximum 

increase of 1.3 and 1.7 folds in carotenoids at 0.50 mg/L concentration of NH4N03 as 

compared to control with 0 mg/L. similarly in strain CC-735, CC-1181and CC-1676 

there was a maximum increase of 1.5, 1.6 and 1.8 folds respectively at 0.25 mg/L 

concentration of NH4N03 and in strain CC-1173 there was a maximum increase of 2 

folds at 0.1 25 mg/L concentration ofNH4N03 as compared to control with 0 mg/L. While 

in strains CC-125 and CC-403 3 there was no such increase found in the carotenoids. 

The present study shows that in strain CC-125, CC-1690, CC-1692, CC-4033, CC-1173 , 

CC-1168, CC-1175 and CC-735 there was a maximum increase of 3, 7.7, 5.3 , 2.2, 2.5, 3, 

4.4 and 8.8 folds in carotenoids at 33 DC as compared to control strains at 25 DC. While in 

strain CC-1 181 there is no such increase in carotenoids at 33 DC as compared to control 

strains at 25 Dc. 

In control of CC-1170 nine and stress five different peaks are observed in FTIR at 

different positions. At 3252.65 O-H stretch is present which detect alcohols or phenols. 

In stress this signal has shifted from 3252.65 to 3374.95 and the intensity is increased by 

0.04 folds from 0.05 to 0.01. In control at 1638.14 N~H bend detecting I-amine is present 

while in stress the signal has shifted from 1638.14 to 1633.94 and the intensity is 

increased by 0.02 folds from 0.04 to 0.02. In control at 1027.06 c-o stretch detecting 

alcohols, carboxylic acids, esters, ethers is observed while in stress at 1027.40 the 

intensity is slightly reduced by 0.0.1 fold. 

In control of CC-1171 four and in stress ten different peaks has observed in FTIR at 

different positions. At 3298.41 O-H stretch is present which detects carboxylic acids. In 

stress this signal has shifted from 3298.41 to 3254.71 and the intensity is reduced by 0.01 

folds from 0.02 to 0.00. In control at 1636.71 N-H bonds detecting 1amines is present 

while in stress the signal is shifted from 1636.71 to 1638.71 and the intensity is reduced 

very slightly in stress. Similarly in control at 1026.00 C-O stretch detecting alcohols, 

carboxylic acids, esters, ethers is observed while in stress at 1027.04 the intensity is 

decreased by 0.1 folds from 0.14 to 0.04. 

In control of CC-1173 and stress three different peaks has observed in FTIR at different 

positions. At 3359.45 N-H stretch is present which detects primary, secondary amines or 
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amides. In stress the signal is shifted from 3359.45 to 3354.72 and the intensity is very 

slightly reduced. In control at 1637.87 N-H bond is present which detects primary amines 

and in stress the intensity is slightly reduced in comparison to control. Similarly in 

control at 1037.98 C-N stretch or C-O stretch is present which detects aliphatic amines 

or alcohols, carboxylic acids, esters, ethers has been observed while in stress the intensity 

is very slightly reduced. 

In control of CC-4033 seven and in stress twelve different peaks has observed in FTIR at 

different positions. At 3363.30 O-H stretch is present which detects alcohols, phenols. In 

stress this signal has shifted from 3363.30 to 3270.81 having N-H stretch and detects 1, 2 

amines or amides and the intensities are reduced by 0.13 folds from 0.15 to 0.03. In 

control at 1635.72 N -H bond detecting lamines is present while in stress the signal is 

shifted from 1635.72 to 1640.95 and the intensity is reduced by 0.05 folds from 0.10 to 

0.05. Similarly at 1041.46 C-N stretch and C-O stretch detecting aliphatic amines or 

alcohols, carboxylic acids, esters, ethers has observed while in stress the signal is shifted 

from 1041.46 to 1028.68 and the intensity is slightly reduced. 

An informative results are been acquired in this research which are helpful for further 

researchers. An initial step towards the development of further investigations has been 

characterized by these results regarding the modulation of the production of unicellular 

photosynthetic micro algal biomass as a source for feedstock production. 
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Conclusion 

Algae are more promising feed stocks due to their wide spread availability and higher oil 

yields. The cultivation of the Yellow in Dark mutants of C. reinhardtii was feasible under 

high temperature and nitrogen sources (ammonium nitrate) . The best results as biomass 

obtained was about O.9g/L at 33 DC and 5.8 giL in the presence of O.75g/L concentration 

of ammonium nitrate and the lipid concentration of 1.6g/L of algae. The increasing 

temperature and nitrogen concentrations in the medium can reduce the price of inputs and 

would be an economic improvement for large scale cultivation. The addition of nitrogen 

at different concentrations in the medium, serve to accelerate physiological and 

biochemical activities of the fresh water green algae C. reinhardtii. 
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Appendices 

Table SI: Murashige and Skoog medium Composition 

Major salts (macronutrients) Concentrations I 
I 

Ammonium nitrate (NH4N03) 1,650 mg/l 

Calcium chloride (CaCh . 2H2O) 440 mg/l 

Magnesium sulphate (MgS04 . 7H20) 370 mg/l 

Potassium phosphate (KH2P04) 170 mg/l 

Potassium nitrate (KN03) 1,900 mg/l 
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Minor salts (micronutrients) Concentrations 

Boric acid (H3B03) 6.2 mg!l 

Cobalt chloride (CoCh . 6H20) 0.025 mg!l 

Cupric sulphate (CUS04 . 5H2O) 0.025 mgll 

Ferrous sulphate (FeS04 . 7H2O) 27.8 mg!l 

Manganese sulphate (MnS04 . 4H2O) 22.3 mg!l 

Potassium iodide (KI) 0.83 mg!l 

Sodium molybdate (Na2Mo04 . 2H2O) 0.25 mg!l 

Zinc sulphate (ZnS04'7H20) 8.6 mgll 

Na2EDTA . 2H20 37.2 mg!l 

VIT AMINS AND ORGANICS CON CENTRA TIONS 

Inositol 100 mg!l 

Niacin 0.5 mg!l 

Pyridoxine' HCl 0.5 mg!l 

Thiamine' HCl 0.1 mgll 

Glycine 2 mg!l 
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Strains Biomass 

Control Stress 
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Stressl 

1.052208 

1.100356 

0.66602 

1.2888 

1.34072 

1.379615 

1.446281 

1.612898 

Lipid Content 

Stress2 Stress3 

1.55589 1.067875 

0.88184 0.99309 

0.560951 0.928135 

1.6962 1.3073 

1.6444 1.4925 

1.366658 1.54812 

1.479613 1.6222 

1.331457 1.3814 

carbohydrates 

Control Stress I Stress2 

64.93±12.7 47.04±4.36 49.34±3.92 

60.52±1.9 55.02±6.6 48.90±0.4 

47.64±S.8 57.34±11.3 63.66±11.0 

S4.0S1±4.3 62.9S±11.2 49.70±2.22 

58.15±10.6 55.18±1.4 63.75±7.08 

48.16±10.0 53.04±12.5 45.29±1.8 

49.367±3.2 61.48±12.2 59.45±7.27 

51.54±3.15 33.761±7.9 45.688±1.6 

Proteins 

Stress3 Control Stressl Stress2 

40.62±13.1 7.047tO.24 5.805±3.07 5.855±1.91 

49.25±2.9 3.607±1.03 4.260±2.2 4.666±1.4 

58.74±11.3 3.11±1.52 2.639±0.82 3.242±0.41 

48.57±11.9 2.048±OAO 5.506±O.38 5.131±0.52 

37.038±4.4 2.368tO.86 3.095tO.46 5.032±0.99 

49.358±2.1 3.8378±0.9 4.821±2.0 4.728±1.1 

55.62±6.14 1.239tO.93 4. 145±1.49 4.640±1.01 

47.44±2.2 3.262±1.26 2.589±1.12 3.961±1.5 

Stress3 

7.477±0.58 

5.493±1.9 

5.471±1A6 

4. 134±1.37 

5.124±0.08 

5.818±1.04 

4.486±1.95 

4.850±2.3 

Control 

1. 714tO. 00 

0.623±0.00 

1.207tO.00 

1.123±0.24 

0.498±0.17 

0.336±0.03 

2.199±0.03 

1.390±0.17 
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Strains 

CC·1173 

CC·125 

CC·1692 

CC·735 

CC·1181 

CC·1676 

CC-4033 

CC·1170 

Control 

0.98199 

0.48421 

0.43799 

1.001767 

0.67043 

0.37044 

0.5888 

0.9666 

Biomass 

Stressl Stress2 Stress3 

1.07798 2.222 2.0419 

1.07376 1.41354 2.77463 

0.52443 0.6811 2.07331 

0.59443 1.16287 2.24064 

0.9111 1.45931 3.19619 

0.4982 1.17398 2.80552 

0.7333 1.25176 5.8666 

0.8204 1.28154 5.22594 

Growth Rate 

Control Stress 1 Stress2 

0.01943 0.03539 0.06634 

0.030363 0.01632 0.08749 

0.01556 0.091818 0.038508 

0 0.0275 0.041713 

0.093412 0.09341 0.04571 

0.09944 0.016408 0.05663 

0.07226 0.07754 0.0537 

0.10149 0.084864 0.10317 

Stress3 Control 

0.10159 1.4849 

0.02277 0.828085 

0.04258 0.564835 

-0.01975 1.125912 

0.1259 1.22977 

0.10038 1.96665 

0.074055 1.227763 

0.11788 1.29443 
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