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Abstract

The conventional sources of energy which were once thought to be never ending 

would be soon exhausted and thus there is a need to look for alternate sources of energy to 

support our energy needs. Alternate fuels from biomass is a promising option for 

preparation of biofuels especially biodiesel. Apart from plant oilseeds, microalgae are also 

being studied for production of lipids for biodiesel production. In the present study, an 

attempt has been made to evaluate all the possible approaches for enhancement of lipid 

content in algae. Five potential green algal species were chosen namely C. reinhardtii, S.

obliquus, C. vulgaris, C. minutissima, and B. braunii and were used for biomass and lipid 

production studies. The lipids so produced were extracted using a two-step extraction 

method and analyzed using various analysis techniques. The study was further extended by 

carrying out Ultra Performance Liquid Chromatography-Mass Spectrometry (UPLC-MS) 

analysis of the lipids produced from C. reinhardtii and S. obliquus. As a result, a total of 

82 lipid fractions could be identified using the UPLC-MS analysis technique. The 

identified lipids were also compared with those in plants so that the suitability for the plant 

and algal lipids for biodiesel production may be compared. 

Further, some waste nutrient/carbon sources were used for enhancement of growth 

and lipid production in the five green algal species. The effect of these wastes was 

determined on chlorophyll, carotenoid, protein, carbohydrate, biomass and lipid contents. 

This was followed by stress studies on algae that may result in enhancement of lipid 

content. A step wise process was developed wherein; the nutritional stress may lead to the 

enhancement of lipid content and also sustain the algal biomass growth by selectively 

supplementing nutrition in the recovery step. Effect of different nutritional stress such as 

nitrogen, sulphur, phosphorous and potassium were studied and compared in green algae 
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C. reinhardtii and C. vulgaris. The proteins that are differentially regulated under different 

stress and recovery conditions in C. reinhardtii were identified using Two-Dimensional- 

Polyacrylamide Gel Electrophoresis (2D-PAGE). Proteomic analysis studies showed that 

these proteins were either involved in stress responses, lipid synthesis, cell division or 

protein synthesis.  

The studies were further extended on symbiosis of green algae with cyanobacteria 

to find out if cyanobacteria can fix more nitrogen in the presence of green algae to be 

utilized by green algae for enhanced production of biomass and lipids. In this study, each 

of the three nitrogen fixing cyanobacteria namely Anabaena variabilis, Nostoc muscorum 

and Westiellopsis prolifica were cocultivated with each of the three green algae namely S.

obliquus, C. vulgaris and B. braunii in separate set of experiments under nitrogen deficient 

conditions. The interaction was studied by determining the fixed nitrogen, biomass growth, 

chlorophyll, phycobiliprotein, and lipid contents. Cocultivation led to formation of many 

new secondary metabolites in the coculture media that were known to act as growth 

regulators, carbon supplements, and antimicrobial substances. 

Further, bioinformatics studies were also carried out for the simulation of the lipid 

biosynthesis pathway using Complex Pathway Simulator (COPASI) software. The 

objective was to improve the yield/concentration of the desired metabolite of the pathway. 

It was found that the concentration of triacylglycerol could be enhanced several folds using 

this simulation. These studies may help in modifying and manipulating lipid metabolic 

pathway in algae for future research work. 
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Fig. 5.7. Standard curve of ammonium nitrate for determination of total 
nitrogen using Kjeldahl method. 
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Fig. 5.8. Total nitrogen of individual and coculture samples of S. obliquus 
(a), C. vulgaris (b) and B. braunii (c) using lyophilized biomass 

(on dry weight basis). 
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Fig. 5.9. Chloroform-Methanol, hexane and total lipid fraction of 
individual and cocultures of S. obliquus with A. variabilis, N. 

muscorum and W. prolifica. (a) shows the lipid content calculated 
in percentage and 9b) shows the lipid content produced in grams 

per gram of dry biomass. 
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Fig. 5.10. Chloroform-Methanol, hexane and total lipid fraction of 
individual and cocultures of C. vulgaris with A. variabilis, N.

muscorum and W. prolifica. . (a) shows the lipid content 
calculated in percentage and 9b) shows the lipid content produced 

in grams per gram of dry biomass. 
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Fig. 5.11. Chloroform-Methanol, hexane and total lipid fraction of 
individual and cocultures of B. braunii with A. variabilis, N.

muscorum and W. prolifica. . (a) shows the lipid content 
calculated in percentage and 9b) shows the lipid content produced 

in grams per gram of dry biomass. 
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Fig. 5.12. Phycocyanin, phycoerythrin, allophycocyanin and total 
phycobiliprotein content of individual cultures of A. variabilis, N.
muscorum and W. prolifica and their cocultures with S. obliquus. 
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Fig. 5.13. Phycocyanin, phycoerythrin, allophycocyanin and total 

phycobiliprotein content of individual cultures of A. variabilis, N.
muscorum and W. prolifica and their cocultures with C. vulgaris. 
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Fig. 5.14. Phycocyanin, phycoerythrin, allophycocyanin and total 
phycobiliprotein content of individual cultures of A. variabilis, N.
muscorum and W. prolifica and their cocultures with B. braunii. 
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Fig. 5.15. SEM images of cocultures of S. obliquus with A. variabilis (a), C.
vulgaris with A. variabilis (b) and B. braunii with W. prolifica 

(c). 
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Fig. 5.16. Secondary metabolites unique to green alga S. obliquus (green), 
cyanobacteria, A. variabilis, N. muscorum and W. prolifica 

(purple) and new compounds, secondary metabolites produced in 
their respective cocultures (blue). 
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Fig. 5.17. Secondary metabolites unique to green alga C. vulgaris (green), 
cyanobacteria, A. variabilis, N. muscorum and W. prolifica 

(purple) and new compounds, secondary metabolites produced in 
their respective cocultures (blue). 
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Fig. 5.18. Secondary metabolites unique to green alga B. braunii (green), 
cyanobacteria, A. variabilis, N. muscorum and W. prolifica 

(purple) and new compounds, secondary metabolites produced in 
their respective cocultures (blue). 
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Fig. 6.1. Scheme for stress and recovery studies performed on C. vulgaris 
and C. reinhardtii. The stress scheme comprises of three steps 

Step I refers to control conditions, step II refers to stress 
conditions as optimized for nitrogen, sulphur, phosphorous and 

potassium stress and step III refers to recovery step, where 
resupply of nutrient used for stress is supplied in different 

concentrations and with half carbon (C/2) i.e. 5 g/L of glucose.
The optimized duration of stress for nitrogen, sulphur, 

phosphorous and potassium stress is shown under step II. 
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Fig. 6.2. Effect of nitrogen stress on biomass and lipid contents in C.
vulgaris at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.3. Effect of sulphur stress on biomass and lipid contents in C.
vulgaris at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.4. Effect of phosphorous stress on biomass and lipid contents in C.
vulgaris at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.5. Effect of potassium stress on biomass and lipid contents in C.

vulgaris at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.6. Effect of nitrogen stress on biomass and lipid contents in C.
reinhardtii at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.7. Effect of sulphur stress on biomass and lipid contents in C.
reinhardtii at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.8. Effect of phosphorous stress on biomass and lipid contents in C.
reinhardtii at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.9. Effect of potassium stress on biomass and lipid contents in C.
reinhardtii at 2, 4, 6, 8, 10 and 12 days.
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Fig. 6.10. Optimization of duration of recovery after nitrogen stress in C.
reinhardtii. The biomass from the nitrogen deficient conditions 

was transferred to full nitrogen amount as in the control condition 
for the recovery of the C. reinhardtii cells. 
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Fig. 6.11. Effect on lipid and biomass contents after recovery from nitrogen 
stress (in the form of three conditions i.e. with full nitrogen, half 
nitrogen and half nitrogen with 5 g/L of glucose) in C. vulgaris. 
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Fig. 6.12. Effect on biomass and lipid content after recovery from sulphur 
stress (in the form of three conditions i.e. with full sulphur, half 
sulphur and half sulphur with 5 g/L of glucose) in C. vulgaris. 
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Fig. 6.13. Effect on lipid and biomass contents after recovery from 
phosphorous stress in the form of three conditions i.e. with full 

phosphorous, half phosphorous and half phosphorous with 5 g/L 
of glucose in C. vulgaris. 
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Fig. 6.14. Effect on lipid and biomass contents after recovery from 
potassium stress in the form of three conditions i.e. with full 
potassium, half potassium and half potassium with 5 g/L of 

glucose in C. vulgaris. 
 

270

Fig. 6.15. Effect on lipid and biomass contents after recovery from 
combined nitrogen and sulphur stress in the form of three 

conditions i.e. with full nitrogen and sulphur, half nitrogen and 
sulphur and half nitrogen and sulphur with 5 g/L of glucose in C.

vulgaris.
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Fig. 6.16. Effect on lipid and biomass contents after recovery from 
combined nitrogen and potassium stress in the form of three 
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conditions i.e. with full nitrogen and potassium, half nitrogen and 
potassium and half nitrogen and potassium with 5 g/L of glucose 

in C. vulgaris. 
 

Fig. 6.17. Effect on lipid and biomass contents after recovery from nitrogen 
stress in the form of full nitrogen, half nitrogen and half nitrogen 

with 5 g/L of glucose in C. reinhardtii. 
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Fig. 6.18. Effect on lipid and biomass contents after recovery from sulphur 
stress in the form of full sulphur, half sulphur and half sulphur 

with 5 g/L of glucose in C. reinhardtii. 
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Fig. 6.19. Effect on lipid and biomass contents after recovery from 
phosphorous stress in the form of full phosphorous, half 

phosphorous and half phosphorous with 5 g/L of glucose in C.
reinhardtii.
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Fig. 6.20. Effect on lipid and biomass contents after recovery from 
potassium stress in the form of full potassium, half potassium and 

half potassium with 5 g/L of glucose in C. reinhardtii. 
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Fig. 6.21. Effect on lipid and biomass contents after recovery from nitrogen 
and sulphur stress in the form of full nitrogen and sulphur, half 

nitrogen and sulphur and half nitrogen and sulphur with 5 g/L of 
glucose in C. reinhardtii. 
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Fig. 6.22. Effect on lipid and biomass contents after recovery from nitrogen 
and potassium stress in the form of full nitrogen and potassium, 

half nitrogen and potassium and half nitrogen and potassium with 
5 g/L of glucose in C. reinhardtii. 
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Fig 6.23. Two dimensional electrophoresis gel showing the protein profile 
of control sample of C. reinhardtii cells. The ‘circle’ shows the 

protein spots analyzed using MALDI-TOF. 
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Fig. 6.24. 2D-PAGE gel of C. reinhardtii cells under nitrogen stress for 4 
days (A), nitrogen recovery (+N) for 1 day (B), sulphur stress for 

2 days (C) and sulphur recovery (+S/2) for 1 day. 
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Fig. 6.25. 2D-PAGE gel of C. reinhardtii cells under phosphorous stress for 
4 days (A), phosphorous recovery (+P/2) for 1 day (B), potassium 

stress for 8 days (C) and potassium recovery (+K/2) for 1 day. 
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Fig. 6.26. Map of pACC1 plasmid. It contains the ACCase gene flanked by 
5’ and 3’ untranslated region (UTR) as promoter sequences. The 
ACCase gene is flanked by Nco1 restriction site at the 5’end. The 
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plasmid confers ampicillin resistance. The plasmid was procured 
from National Renewable Energy Laboratory, Colorado, USA. 

 
Fig. 6.27. Map of pACC1NPT5.1 plasmid. In this plasmid, the ACCase 

gene is replaced by the NPTII gene. The NPTII gene is also 
flanked by 5’ and 3’ untranslated region (UTR) as promoter 

sequences. The plasmid was procured from National Renewable 
Energy Laboratory, Colorado, USA. 
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Fig. 6.28. Confirmation of pACC1 plasmid using restriction digestion with 
Nco1. L refers to the DNA ladder. The first well was loaded with 

undigested pACC1 plasmid. Well 2, 3 and 4 consist of the 
colonies from which the pACC1 was isolated and restriction 

digested using Nco1 restriction enzyme. 
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Fig. 6.29. Confirmation of pACCNPT5.1. Lane 1 shows the digestion 
product of Nco1-Pst1 which gives rise to a fall out at the level of 
379 bp. Lane 2 shows the digestion product of Nco1-Spe1 which 

gives rise to a fallout at the level of 842 bp. Lane 3 shows the 
undigested pACCNPT5.1. 
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Fig 6.30. PCR amplification of NPT gene using pET (28a) as template 
strand. ‘L’ refers to the DNA ladder. Well 1 contains the 

undigested pET(28a). Two different annealing temperatures were 
used i.e. 48 °C and 52 °C and the PCR product was loaded in the 

2nd and 3rd wells. 
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Fig. 6.31. The pACC1 was digested with Nco1 restriction enzyme which 
digests the plasmid into two main fragments as shown in well 1. 
The fragments are ACCase gene as fallout with ~7Kb size and 
pACC1 backbone with 3.5Kb. Well 2 was loaded with the PCR 

product of NPT amplification using pET (28a) as the parent 
strand. ‘L’ refers t the DNA ladder (L). 
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Fig. 6.32. The correct orientation of the NPT gene in the pACC1 backbone 
was confirmed by double digesting the isolated plasmids with a 

combination of two restriction enzymes i.e. Kpn1 and Sma1. The 
plasmid with correct orientation gave rise to a fallout at the level 

of 850bp. The plasmid with incorrect orientation gave rise to 
afallout at the level of 1000bp. Well 1 and 3 were loaded with the 

undigested plasmids and well 2 and 4 were loaded with their 
corresponding double digested plasmids. ‘L’ refers to the DNA 

ladder. 
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Fig. 7.1. Pathway for the biosynthesis of fatty acids and their elongation, 
biosynthesis of triacylglycerols, membrane lipids, 
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digalactosyltrimethylhomoserine and phosphoglycerol. 
 

Fig. 7.2. Concentration versus time plot for fatty acid biosynthesis and 
elongation pathway. 
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Fig. 7.3. Concentration versus time plot for triacylglycerol pathway. 
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Fig. 7.4. Concentration versus time plot for MGDG and DGDG 
biosynthesis pathway.
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Fig. 7.5. Concentration versus time plot for SQDG biosynthesis pathway. 
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Fig. 7.6. Concentration versus time plot for phosphoglycerol biosynthesis 
pathway.
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Fig. 7.7. Concentration versus time plot for DGTS biosynthesis pathway.
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Fig. M1. The set up of the voltage and current recording in algal cell 
culture using a potentiostat/ galvanostat.
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Fig. M2. Growth of green algae in photobioreactor. The capacity of the 
reactor is 5L. The duration of growth of algae is 7 days after 

which the biomass was harvested. 
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Fig. A1. Parameter overview for Fatty acid biosynthesis and elongation 
pathway. 
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Fig. A2. Rate equations for Fatty acid biosynthesis pathway simulation. 
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Fig. A3. Parameter overview for the Triacylglycerol pathway simulation.
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Fig. A4 Rate equations for triacylglycerol pathway simulation.
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Fig. A5. Parameter overview for MGDG biosynthesis pathway simulation. 
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Fig. A6. Rate equations for MGDG biosynthesis pathway simulation.
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Fig. A6. Parameter overview for DGDG biosynthesis pathway.
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Fig. A7. Rate equations for DGDG biosynthesis pathway simulation.
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Fig. A8. Parameter overview for SQDG biosynthesis pathway simulation.
 

427

Fig. A9. Rate equations for SQDG biosynthesis pathway simulation.
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Fig. A10. Parameter overview for phosphoglycerol biosynthesis pathway 429
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simulation.
 

Fig. A11. Rate equations for phosphoglycerol biosynthesis pathway 
simulation.
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Fig. A12. Parameter overview for the DGTS biosynthesis pathway 
simulation. 
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Fig. A13. Rate equations for DGTS biosynthesis pathway.
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