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Preface 

 

The potential of algae as a carbon neutral feedstock for biofuel production is well-established. 

However, the economic feasibility of the whole operation lies in the cost-effectiveness of the 

various technological frameworks involved starting from algal cultivation for biomass and 

lipid production, to the actual biodiesel production. This thesis deals with the selection of 

naturally growing filamentous ‘algae’ and optimization of operational parameters to increase 

their biomass and lipid production capacities for the purpose of biodiesel production. 

The thesis is broadly categorized in to four chapters: Chapter -1 provides a general 

overview of microalgae, their growth requirements and various culturing techniques 

employed in both laboratory and industrial scales, downstream processing of algal biomass 

and commercial applications of microalgae. It also provides a general review on the current 

state of biodiesel production from microalgae, and highlights the objectives and significance 

of the present study. Chapter-2 describes the methodology used in the laboratory 

experimental activity. It starts with collection of algae samples from different study sites and 

their subsequent culturing in the laboratory, followed by how various experiments were 

conducted on selected algae species. Chapter-3 presents the results obtained from the various 

experiments performed. Chapter-4 provides a discussion over each parameter which was 

analyzed; furthermore, it provides a discussion and a comparison with other results from 

literature on the same topics. At the end, a list of references cited in the present thesis is 

given. 

In the present study, we have used the generic term ‘algae’ in context of industrial 

application, not as a taxonomic group. Therefore, Nostoc sp. and Scytonema sp. that are 

strictly photosynthetic cyanobacteria have been described here under the group ‘algae’. 
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Chapter 1 

 

INTRODUCTION 

 

1.1. Diversity, adaptation and ecological roles of algae  

Algae are polyphyletic, non-cohesive assemblages of O2 evolving photosynthetic 

organisms that include seaweeds (macroalgae) and a highly diverse group of 

microscopic single and multi-cellular organisms (microalgae) (Metting, 1996).  They 

represent an extremely diverse, yet highly specialized, group of microorganisms that 

live in a variety of habitats such as freshwater, brackish, marine and hyper saline, with 

a range of temperatures and pH, and unique nutrient availabilities (Falkowski and 

Raven, 1997). Algae vary in size and shape, from microalgae of less than 1µm to 

macroalgae (giant kelps) with fronds 60 m in length.  They range from those growing 

on the snow of some mountains to others living in lichen associations on bare rocks, 

desert soils, and hot springs, and algae existing symbiotically with fungi, plants and 

animals (Darley, 1982; Lee, 2008).  Algae range from unicellular forms like coccoid, 

colonial, coenobial or flagellates in terms of thallus structure, to branched and 

unbranched filamentous forms. There are over 3,50,000 known species of algae 

(Brodie and Zucarello, 2007). 

 Most algae are autotrophic (lithotrophic or halophytic) and use inorganic 

carbon as a nutrient source. They are also regarded as photoautotrophic or 

photolithotrophic because of their dependence on light as a source of energy 

(Megonigal et al., 2004). Microalgae that are capable of oxidizing inorganic 



 

 

 

 

compounds for energy are known as chemoautotrophic or chemolithotrophic. Some 

species of algae are heterotrophs and depend on organic compounds for growth, while 

photoheterotrophs or photoorganotrophs depend on light for energy. Those known for 

oxidizing organic compounds for food are known as chemoheterotrophs 

(organoheterophs) (Lee, 2008).  Auxotrophic species require some organic 

compounds for growth, not to meet their energy needs but for nutrients such as 

vitamins.  Some autotrophic algae are capable of using organic compounds, therefore, 

are called mixotrophic or facultative heterotrophy algae (Sigee, 2005; Lee, 2008).  

Algae are classified into two kingdoms: prokaryotes and eukaryotes. Cyanophyta and 

Prochlorophyta are prokaryotes and the rest are eukaryotes. Eukaryotic algae are 

further classified in to three groups:  

1) Algae with chloroplast surrounded by two membranes of chloroplast 

envelop. Examples are Glaucophyta, Rhodophyta and Chlorophyta 

(Tengs et al., 2000).  

2) Algae with chloroplast surrounded by a membrane of chloroplast 

endoplasmic membrane. Examples are Dinophyta and Euglenophyta. 

3) Algae with chloroplast enveloped by two membranes of chloroplast 

endoplasmic reticulum. Examples are Heterokophyta and Cryptophyta. 

On the basis of pigment colour, algae are classified as follows (Lamourox, 1813; 

Harvey, 1836): Cyanophyceae (cyanobacteria), Chlorophyceae (green algae), 

Bacillariophyceae (diatoms), Xanthophyceae (yellow-green algae), Chrysophyceae 

(golden algae), Rhodophyceae (red algae), Phaeophyceae (brown algae), 



 

 

 

 

Dinophyceae (dinoflagellates) and Prasinophyceae and Eustigmatophyceae (pico-

plankton) (Hu et al., 2008). The prokaryotic cyanobacteria were the first algae, and 

nearly two billion years later from their existence, a cyanobacterium was incorporated 

as the first chloroplast within the cell of a biciliate protozoan to form the eukaryotic 

alga (Cavalier-Smith, 2007) by endosymbiosis, to give rise to the other groups of 

algae.  

 

Figure 1.1 The classes of algae (Lee, 2008). 

1.2.  Factors limiting algal growth 

Algae are photosynthetic in nature and require CO2, water and sunlight for their 

growth. They need inorganic nutrients like phosphorus and nitrogen (Pokoo-Aikins et 

al., 2010) as well as other micro and macronutrients. It is known that deficiency or an 

excess may limit the algal growth. Among the nutrients, phosphorus and nitrogen 

inadequacy is the major limiting factor for algal growth. A limiting nutrient is a 

chemical necessary for plant growth but is available in smaller quantities than needed 

for algae to increase their abundance. The term “limiting nutrient” has been used in 



 

 

 

 

somewhat different ways, sometimes meaning limiting the growth of the present 

population, sometimes limiting growth over time with species composition changes, 

sometimes limiting the ultimate primary or net production of an ecosystem (Howarth, 

1988). Once the limiting nutrient in a water body is exhausted, the population of algae 

stops expanding. If more of the limiting nutrient is added, larger algal populations will 

result until their growth is again limited by nutrients or by other limiting 

environmental factors. 

Nitrogen 

Algae require nitrogen for growth and to produce biomass. Nitrogen affects the 

phytoplankton productivity in both marine and freshwater ecosystems. Nitrogen is 

essential in protein synthesis and pigment construction. Total nitrogen concentrations 

in water bodies can range as low as 100–200 µg l-1 to as high as 10, 000 µg l-1 in a 

heavily-polluted river (Forley and Bobbi, 2003). Nitrogen deficiency may result in an 

altered algal growth, physiological responses and chemical composition. It is known 

that nitrogen deficiency increases lipid content of the algae (Stephenson et al., 2010; 

Verma et al., 2010). Nitrogen availability in external medium also influence the 

pigment and protein content of the algae (El- Baky et al., 2009).  

 Algae accumulate nitrate by means of common high affinity transporters 

involving permease or through diffusion (Hu et al., 2000). Inside the cell, nitrate is 

further reduced to nitrite by the enzyme nitrate reductase which further reduces it to 

ammonium (Herrero and Flores, 1997). The ammonium is then incorporated in to 

carbon skeletons, mainly through the operation of the glutamine synthetase-glutamate 

synthase cycle (Muro-Pastor and Florencio, 2003). Microalgae can assimilate 



 

 

 

 

inorganic nitrogen forms such as nitrates, ammonia, and inorganic urea, while some 

species (such as blue-green algae) can fix molecular nitrogen (Fidalgo et al., 1998; 

Ismal et al., 2007). Ammonium and nitrate salts are the main sources of nitrogen. 

However, several reports have indicated that most microalgae do not discriminate 

between types of nitrogen source.  

 Increasing the concentration of total nitrogen ions increases both biomass 

productivity and growth rate (Giordano and Bowes, 1997). However, a very high 

concentration may reduce algal growth but does not stop it, probably because of 

nitrate regulation. Introducing more nitrogen ions into the medium raises nitrate 

reductase activity resulting into production and accumulation of NH4
+ (Giordano and 

Beardall, 2008). The nitrate regulation process, which induces inhibition of nitrate 

assimilation, probably slows down microalgal growth. A higher nitrate reductase 

activity can lead to accumulation of toxic nitrite inside the cells, causing reduced 

nitrate uptake and consequently growth (Jeanfils et al., 1993). 

Phosphorus 

Phosphorus, like nitrogen, is an important nutrient element. Many important 

molecules within a cell contain phosphorus. In some instances availability of 

phosphorus is related to the ability of plants to assimilate nitrogen from nitrate. In 

natural lakes, phosphate concentrations are very dilute and are, therefore, at levels that 

limit microalgal growth (Correll, 1999). In water bodies, phosphorus occurs in two 

forms: dissolved and particulate. Dissolved phosphorus is defined based on its size, as 

that which is small enough to pass through a 0.45-micron filter. It includes 

phosphorus forms like soluble reactive phosphorus and soluble organic compounds 



 

 

 

 

that contain phosphorus. Particulate phosphorus is too big to pass through a 0.45-

micron filter. It is formed when phosphorus becomes incorporated into particles of 

soil, algae, and small animals that are suspended in the water.  

 Both dissolved and particulate phosphorus can change from one form to 

another very quickly (called cycling) in a water body. It is notable that algal cells can 

only use phosphorus in certain forms. Orthophophate is the only form of phosphorus 

that autotrophs including algae can accumulate (Correl, 1999). Further, an algal cell’s 

ability to use specific forms of phosphorus is strongly influenced by several factors 

including pH, water hardness, the amount of dissolved oxygen in the water, and 

thermal stratification. Generally phosphorus occurs as orthophosphate, 

polyphosphates and organic phosphates. In most of the freshwater lakes, the limiting 

nutrient is phosphorus rather than nitrogen.  Phosphate is actively absorbed for normal 

metabolic activities, and phosphate excess to need of cell accumulates as 

polyphosphate bodies that are either acid-soluble or acid-insoluble (Miyachi et al., 

1964). 

 The concentration of phosphates in the culturing medium affects microalgae 

growth, as is demonstrated by the more rapid uptake of phosphates in a phosphate-

limited environment than a medium containing inadequate phosphates (Singh et al., 

2007). Polyphosphate pools are prevalent in the presence of a high phosphate 

concentration. Scientists have also reported that phosphate uptake is optimal in 

alkaline pH, stimulated by Na+ ions, and inhibited by K+ (Singh et al., 2007).  

 Many years of research on the effects of nutrient additions on lake 

productivity have led to a simple model that related algal biomass [Chlorophyll a (Chl 



 

 

 

 

a) in milligrams per cubic meter] to total phosphorus input rates (Lp in grams per 

square meter per day), mean water depth (z in meters), and outflow per unit of lake 

surface area (Qs in meters per acre) (Vollenweider, 1976): 

�ℎ�	� =
��	 
�� 

�1 + �� 
�� � 0.5�  

 The Vollenweider model is widely used by lake water quality managers, partly 

because of its simplicity.  

The Redfield ratio 

Algae, under reasonably good growth conditions, have an elemental composition with 

relatively defined atomic ratios. These ratios are known as the Redfield ratios. For 

nitrogen to phosphorus, this ratio is about 15 to 16:1. Natural systems, in which the 

atomic ratio of other elements to phosphorus is greater than the Redfield ratio, are 

often assumed to be systems in which algal growth or biomass is ultimately limited by 

phosphorus or at least that algal growth rates in such systems will be greatly reduced. 

However, the Redfield ratios are approximations and that the assumptions implied are 

complex and not necessarily universally applicable. Light intensity and light quality 

as well as algal cell division stage have great affect on Redfield ratio (Wynne and 

Rhee, 1986). The N:P ratio of algal cultures in stationary growth phase varied from 5 

to about 20 under N or P limitation, respectively (Terry et al., 1985). Algal cultures 

subjected to P deficiency shift from N:P ratios of about 15 to about 100, then upon 

exposure to phosphate shift to ratios of less than 10 (Sakshaug and Holm-Hansen, 

1977). Algal cultures that had been deprived of adequate P also exhibited a 26-fold 



 

 

 

 

increase in cellular P contents (primarily as polyphosphates) within 1 h of exposure to 

phosphate (Sicko-Goad and Jensen, 1976). These are examples of the phosphate 

“overplus phenomenon”.  

 In a laboratory study of 11 species of freshwater algae, the concentration of 

phosphate P needed to maintain equilibrium algal growth rates varied from 0.003 to 

0.8 mg l-1 (Grover, 1989). If phosphate P levels were maintained at 15 mg l-1 in 

mesocosms of Lake Michigan plankton, chlorophyll concentration increases and 

photosynthetic carbon fixation were maximized. For most lakes, streams, reservoirs, 

and estuaries concentrations of 100 mg total P l-1 are unacceptably high and 

concentrations of 20 mg l-1 are often a problem. 

Light 

There is no life without constant input of environmental energy (energy from outside) 

which, in turn, according to fundamental thermodynamical principles is used to 

maintain the characteristic low-entropy (“high-order”) state synonymous with a living 

cell. Life depends on the continuous input of environmental energy which, in the 

living cell, is immediately and permanently transformed into biologically useful forms 

of energy, viz. ATP and other nucleoside triphosphates. Only two forms of 

environmental energy can be directly used by living cells, either radiation energy (hν) 

from sunlight (photosynthesis) or the energy released in the oxidation or “biological 

combustion” of food-stuff. The primary energy from the environment is inevitably 

and universally first converted into, and temporarily stored in, ATP and the adenylate 

system. In each and all living cells, the biologically utilizable energy from the 

environment is always first captured in ATP through “phosphorylation”, i.e., the 



 

 

 

 

endergonic synthesis of ATP from ADP and Pi. Phosphorylation can be classified as 

(i) substrate-level phosphorylation (SLP) in the completely soluble and isotropic 

cytosolic system of a cell, and (ii) energetically efficient chemiosmotic electron 

transport phosphorylation (ETP).  

 Membrane-bound processes are not needed for SLP. The SLP is the 

evolutionarily most ancient mode of biological energy conversion as it functions, 

without participation of “advanced” membrane-bound (“vectorial”) enzymes, in the 

soluble (“isotropic”) system of the cytosol, in the dark and without obligate 

participation of electron transport processes. Compared to SLP chemiosmotic electron 

transport phosphorylation, ETP, is energetically much more efficient. Its essence is 

membrane energization by an electrochemical ion potential gradient across the 

membrane, either ∆µH
+ or protonmotive force (p.m.f.). Electron transport 

phosphorylation can be classified either as photophosphorylation (photosynthesis) or 

oxidative phosphorylation (respiration). Chlorophyll-based photosynthesis depends on 

a chemiosmotic type of ATP synthesis, needing an anisotropic, reversible, membrane-

bound ATPase.   

  Light plays a major role in growth and accumulation of reserve materials in 

the cell. Most of the algal species grow well in continuous light but a few species are 

sensitive to continuous light (Brand and Guillard, 1981). Thus light is an important 

factor in algal culture. According to Scott et al. (2010), low light intensity reduces dry 

weight while high light intensity causes photoinhibition which damages the 

photosynthetic machinery. 



 

 

 

 

 Light has effect on activities of enzymes and synthesis of biomolecules. 

Certain enzymes of the pentose cycle of photosynthesis and CO2 fixation are inactive 

during illumination (Bouterfas et al., 2006; Ugwu et al., 2007). The intensity of light 

is one of the important determinants of biomass productivity in large-scale microalgae 

cultures (De la Noue and De Pauw, 1988) and day length is another, because it 

influences the circadian rhythm of photosynthesis, respiration, cellular division, and 

growth rate (Hobson et al., 1979; Redalje and Laws, 1983; Piquemal, 1990). A lack or 

oversupply of light can limit growth even when the nutrients and temperature supplied 

are near optimal. However light is not a limiting factor in open outdoor culturing 

systems such as ponds (Richmond and Grobbelaar, 1986). 

Carbon dioxide   

Atmospheric CO2 is used to synthesize energy-dense molecules like sucrose and 

lipids during photosynthesis (Portis and Parry, 2007). Other organic sources of carbon 

such as glucose, acetate and glycerol are also being used singly or in combination in 

place of atmospheric CO2 for algae culture (Oh et al., 2009, Liang et al., 2009, 

O’Grady and Morgan, 2011). Aquatic environments generally contain insufficient 

CO2 for algae. The Ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) 

enzyme is known to fix Ci in the form of CO2 in the dark (light-independent) reaction 

of photosynthesis (Calvin cycle) (Jacobs-Lopes and Franco, 2010).  When pure CO2 

dissolves in an aqueous solution, the pH drops below 7, and this creates an acidic 

environment.  

 The dominant Ci species in an acidic solution are CO2 and HCO3
- (Ota et al., 

2009). Microalgae have developed various means of ensuring that the Rubisco 



 

 

 

 

enzyme is well supplied with CO2 that are referred to as carbon- concentrating 

mechanisms (CCMs), (Beardall and Raven, 2004) by means of which inorganic 

carbon moves across the plasma membrane. The carbon dioxide concentrating 

mechanism helps photosynthetic algae optimize photosynthesis under limiting 

CO2 conditions. These CCMs include passive diffusion of CO2 through the 

aquaporins, active uptake of HCO3
-, and facilitated diffusion of HCO3

- (Smith and 

Bidwell, 1980). This process uses an active inorganic carbon (Ci; CO2 and/or HCO3
−) 

uptake system that leads to the internal accumulation of Ci to levels significantly 

higher than extracellular levels.  In addition, Moroney and Ynalvez (2007) reported 

that most algae contain the enzyme carbonic anhydrase (CA), which is found on the 

external side of the plasma membrane, in the cytoplasm and inside the chloroplast. 

Carbonic anhydrase activity converts much of the accumulated hydrogen carbonate to 

CO2, concentrating this substrate around Rubisco and thereby optimizing 

photosynthetic efficiency even under low CO2 conditions.  With the increasing 

demands for sustainable energy sources, algae with efficient carbon dioxide 

concentrating mechanisms are attractive models for biotechnological and transgenic 

applications for biofuel and biomass production (Mukherjee and Moroney, 2011). 

Temperature 

The influence of temperature on algal growth is associated with various metabolic 

processes such as photosynthesis, respiration, membrane permeability and uptake of 

ions (Soeder and Stengel, 1974). According to Sorokin and Krauss (1962), algae 

growth is slow at colder temperatures, reaches to an optimum growth and grows 

slower or not at all at hotter temperatures. The optimum temperature for attainable 

maximum growth ranges from 20-30°C for most of the species. Temperature is one of 



 

 

 

 

the major factors to be considered for mass production of algae for commercial 

purposes. For outdoor mass cultivation of algae, the algal strain has to adapt to the 

temperature of the region, and maintaining the culture temperature in outdoors is 

another challenge. Oh et al., (2010) has described a culture system for Chlorella 

minutissima in a 200 l outdoor photobioreactor using seawater that had been used as 

coolant water in a nuclear power plant with a temperature of 30-35°C. 

1.3. Oxidative stress and lipid peroxidation in algae 

Production of reactive oxygen species (ROS) is a typical characteristic for all aerobic 

organisms, however, photosynthesis is an additional specific ROS generating process 

in photoautotrophs. The ROS are also produced in response to pathogen attack (Apel 

and Hirt, 2004). In the past, ROS or reactive oxygen intermediates were considered as 

toxic by-products of aerobic metabolism, but recent studies show that plants also 

actively produce ROS as signaling molecules to regulate processes such as 

programmed cell death, gene expression, abiotic stress responses, pathogen defense 

and systemic acquired resistance (Mittler, 2002; Apel and Hirt, 2004).  

 The most important ROS are singlet oxygen (1O2), superoxide anion (O2
-°), 

hydrogen peroxide (H2O2), hydroxyl radical (OH) or nitric oxide (NO). In plants and 

animals, superoxides can be generated by NADPH oxidase through transferring 

electrons from NADPH inside the cell across the membrane to reduce molecular 

oxygen (Mittler, 2002). Superoxides can be metabolized by enzyme superoxide 

dismutase to hydrogen peroxide, which in turn is a substrate for catalases and 

peroxidases.  



 

 

 

 

 Among the ROS, the hydroxyl radicals are the strongest oxidant and can 

initiate radical mediated chain reactions in a variety of organic molecules, leading to 

lipid peroxidation, protein oxidation and inactivation, as well as oxidative nucleic acid 

degradation (Lamb and Dixon, 1997; Imlay, 2003). Membrane lipids are a major 

target of free radical attack leading to lipid peroxidation.  Some products of lipid 

oxidation are also highly reactive species and may modify proteins and DNA (Mittler, 

2002). Abiotic stresses cause oxidative stress and lead to ROS production that causes 

membrane lipid peroxidation (Mehta and Gaur, 1999; Verma et al., 2008). 

1.4. Microalgal culturing 

Batch culture 

Batch culturing is the simplest and most reliable method of culturing algae in the 

laboratory. It is a low cost closed system, volume-limited with finite resources. Cells 

are inoculated once in to a sterilized culture medium and allowed to grow for a period 

of several days and finally harvested when the algal population reaches its maximum 

or near-maximum density. The algal cell density increases constantly until the 

exhaustion of some limiting factors, while other nutrient components of the culture 

decrease over time. The population exhibits a typical sigmoid growth pattern. Usually, 

a certain volume of the algae culture (2-10% of final culture volume) is transferred to 

larger culture volumes prior to reaching the stationary phase, and the larger culture 

volumes are then brought to a maximum density and harvested. Batch culture systems 

are very widely used due to their simplicity and flexibility. But there are a few 

disadvantages including contamination, and a lot of labor is required to harvest, clean, 

sterilize, refill and inoculate the containers. This system can be used to achieve 

biomass scale-up from a few ml up to 20,000 l tanks. 



 

 

 

 

Semicontinuous culture 

For products such as biodiesel or biomass, which are growth-linked, most of the 

product is produced towards the end of growth phase. The semicontinuous technique 

of algae culturing involves the use of larger culture vessels where the cultures are 

partially harvested, and replaced by fresh culture medium to the original volume. 

Nutrients are also supplemented in this way to achieve the original levels. The 

cultures are then allowed to grow again to certain density after which partial 

harvesting is done again periodically. Mathematical expressions are used to calculate 

the dilution rates and concentration of algae to determine biomass production in a 

semicontinuous algal culture. In semicontinuous culture systems, down time is 

eliminated, lag phases and growth phases are largely avoided, and culture is 

maintained in condition of high biomass concentration and high rate of product 

formation (Kumar, 1998). 

 Semicontinuous culture has some drawbacks too. Some disadvantages of 

semicontinuous culture compared to batch culture are that the system is technically 

more complex to operate, and longer culture period mean that contamination, 

mutation, wall growth, and mechanical breakdown are more likely to occur (Kumar, 

1998).  The system can be set up in both indoor and outdoor conditions, and since the 

culture is not harvested completely, the semicontinuous culture method yields more 

than the batch method for a given tank size. 

Continuous culture  

The continuous culture method is a system in which a supply of culture medium is 

continuously pumped in to a growth chamber and the excess culture is simultaneously 



 

 

 

 

washed out. The cultures are maintained at a growth rate very close to the maximum 

growth rate. There are two categories of continuous cultures: (i) Turbidostat culture in 

which the algal concentration is kept at a preset level by diluting the culture with fresh 

medium by means of an automatic system. (ii) Chemostat culture in which a flow of 

fresh medium is introduced into the culture at a steady, predetermined rate. In 

chemostat culture, a limiting vital nutrient (e.g. nitrate) is added at a fixed rate and in 

this way, the growth rate and not the cell density is kept constant.   

 Dilution rate, D, (h-1) in a continuous system is calculated as given below: 

� = �� 

where, V  is working volume of reactor (m3), and F is in and out flow rate (m3 h-1). 

 In chemostat culture the rate of increase in biomass concentration is as 

follows: 

���� = �� − �� 

where, X is biomass concentration, µX is increase in biomass per unit volume due to 

growth. DX in the above expression represents decrease in biomass due to loss in 

outflow (where D is dilution rate).  

 Laing (1991) described the construction and operation of a 40 l continuous 

turbidostat system suitable for the culture of flagellates like Tetraselmis suecica and 

Isochrysis galbana. The culture vessels consisted of internally-illuminated 



 

 

 

 

polyethylene tubing supported by a metal framework. This system produced 30-40 l 

per day at cell densities giving optimal yield for each flagellate species. 

 Continuous systems are efficient and provide a consistent supply of high 

quality cells and are automated. But they are relatively expensive and complex. The 

requirements for constant illumination and temperature involve indoor culturing and 

thus restrict it to small production scales only. 

1.5. Culturing of algae for industrial applications 

Enclosed photobioreactors 

Enclosed photobioreactors enhance algal biomass productivity under controlled 

culture conditions. Various types of bioreactors like flat-plate, tubular and bubble 

column photobioreactors have been developed for different purposes (Pulz, 2001). 

Flat-plate and tubular photobioreactors have large illumination surface area whereas 

column photobioreactors have the advantages of mixing, high volumetric gas transfer 

rate and flexible control of growth conditions. The columns are placed vertically, 

aerated from below, and illuminated through transparent walls. Flat-plate 

photobioreactors support the highest densities of photoautotrophic cells, and in these 

reactors, a thin layer of very dense culture is mixed across a flat panel and incoming 

light is absorbed within the first few millimeters at the top of the culture (Gong and 

Jiang, 2011).  

 A tubular photobioreactor is usually equipped with fencelike solar collectors. 

Microalgae broth is continuously pumped through the solar array, where sunlight is 

absorbed. Fresh culture medium is fed continuously to the degassing column during 

daylight, and an equal quantity of the broth is harvested at the same time. The 



 

 

 

 

degassing column is continuously aerated to remove the oxygen accumulated during 

photosynthesis, and the oxygen-rich exhaust gas is expelled from the degassing 

column (Li et al., 2008). In indoor closed photobioreactors, illumination can be from 

natural solar light or metal halide lamps; whereas outdoor photobioreactors use 

natural sunlight or solar collection devices. To ensure optimum photosynthesis 

efficiency for each of the cells in an outdoor photobioreactor, a mechanical pump or 

airlift pump is often used to mix the cultures (Gong and Jiang, 2011). 

Packed bed column reactors 

Packed bed column reactor, PBR, has great potential for large-scale production of 

microalgae. It consists of a cylindrical reactor body tightly packed with immobilized 

algal beads acting as a stationary phase (Prieto et al., 2002). The algae are 

immobilized through cross-linking or adsorption to insoluble bio-support materials, 

and then subsequent packing is done within the column. The reactor is fed with a 

nutrient-enriched medium kept in continuous circulation. The PBR results in high cell 

densities, high mass transfer rate via direct contact between microbe and gas, 

reduction of retention time and absence of mechanical agitation. The disadvantages of 

PBR are changed flow characteristics due to alterations in the bed porosity during 

operation.  

Fermentors 

Cultivating algae in fermentors includes both batch and continuous culture mode; 

however, batch fermentors are most common. The fermentor sizes can range from 1 l 

to more than 500,000 l. Microalgae species like Chlorella, Tetraselmis, 

Schizochytrium and other heterotrophic algae are widely cultured in fermentors. The 



 

 

 

 

common features of fermentors and photobioreactors include pH, temperature control, 

harvesting etc., and the main differences are energy source, circulation, O2 supply and 

sterility. The energy source for fermentors is organic carbon and glucose is the most 

widely used source. Other organics like acetate, citrate and others have also been 

used. Circulation is achieved in fermentors by employing impellers, baffles and 

airlifts for uniform nutrient distribution and gas exchange. A bubble column is also 

used to circulate the algae by the input of air at the bottom of the chamber. 

Fermentors can be completely sterilized and operating and construction costs are 

lower than photobioreactors (Behrens, 2005). 

Open ponds 

Microalgae are usually grown on a large scale in open ponds or open tanks widely 

exposed to the environment. The different types include raceway, circular, inclined 

and unmixed ponds. Raceway channels are built in concrete or compacted earth, and 

may be lined with white plastic. Sedimentation is prevented by continuous operation 

of a paddlewheel. Culture is fed in front of the paddlewheel and broth is harvested 

behind the paddlewheel. Seasonal temperature fluctuations and evaporation losses are 

factors that have to be addressed in these systems. Because of significant losses to 

atmosphere, raceways use CO2 much less efficiently than photobioreactors. The 

biomass concentration remains low because raceways are poorly mixed and cannot 

sustain an optically dark zone (Chisti, 2007).  

 Open ponds or raceway ponds are inexpensive and easy to operate, normally 

utilizing sunlight and atmospheric CO2. The water depths are shallow (0.2-0.3 m) to 

provide sufficient sunlight and the mixing of nutrients and water flow is mechanically 



 

 

 

 

achieved by the paddlewheels. The disadvantages of open/raceway pond systems 

include difficulty in controlling temperature, microbial contamination, restricted water 

depth and relatively low productivity. However, open ponds are likely to remain the 

major means of production, but efficient closed bioreactors may be viable in the 

production for high value products where purity is essential or a sensitive algae 

species is required (Milledge, 2011). 

 Plate I shows different types of photobioreactors and raceway ponds used for 

mass cultivation of algae. 

1.6. Downstream processing of algal biomass 

Biomass harvesting  

Microalgae cells are small (typically in the range of 2-70 µm) and the cell densities in 

culture broth are low (usually in the range of 0.3-5 g l-1). Harvesting microalgae from 

the culture broth and dewatering them are energy intensive and therefore a major 

obstacle to commercial scale production and processing of microalgae (Wu et al., 

2012).  

 The most common methods currently employed for harvesting of algal 

biomass include flocculation, centrifugation, filtration, and flotation (Brennan and 

Owende, 2010).  

Chemical flocculation 

Flocculation is a low-cost pretreatment process used for aggregating microalgal cells 

carrying negative charges to form larger clumps, which can promote subsequent 

filtration, centrifugation, and sedimentation (Gong and Jiang, 2011). Chemical 

compounds such as aluminum sulphate (Al2(SO4)3), alum and ferric chloride (FeCl3)  



 

 

 

 

   

Plate I 
Photographs showing different types of photobioreactors and raceway ponds. 

From left and clock-wise: Flat- plate photobioreactor, Tubular photobioreactor, 
Indoor flat-plate photobioreactor, Raceway ponds. 

 

 

 

 



 

 

 

 

cause cells to coagulate and precipitate to the bottom or float to the surface. The algal 

biomass is then recovered by siphoning off the supernatant or skimming cells off the 

surface. 

Centrifugation 

 Centrifugation is commonly used to harvest microalgal biomass from 

photobioreactors (Gong and Jiang, 2011). Centrifugation of large volumes of algal 

culture is usually performed using a cream separator; the flow rate being adjusted 

according to the algal species and the centrifugation rate of the separator. 

Centrifugation does not require additional chemicals, but requires more electrical 

energy compared to flocculation. Centrifugation provides good recovery of biomass, 

but the currently available equipments for centrifugation processes are expensive. 

Filtration 

The direct filtration process harvests microalgal biomass by using a microbial 

membrane which only allows algal cells to pass through (Suali and Sarbatly, 2012). 

This is the most simple and cost effective method to harvest microalgae, and is also 

commonly used to harvest microalgal biomass from photobioreactors. However, this 

technique requires backwashing to maintain the efficiency of the membrane filter and 

is time-consuming (Suali and Sarbatly, 2012).   

Flotation 

 Algal species with low specific gravity can naturally float at the surface of water. The 

flotation can be aided by dissolved air flotation (DAF), which uses tiny air bubbles (< 

10 µm diameter) to attach the flocs and then float rapidly to the surface (Packer, 



 

 

 

 

2009). Fine air bubbles are generated through air injection and adhered to algal cells, 

causing algal cells to float as foam to the top of a treatment column. The foam with 

concentrated algae is removed from the top, or the water below the foam is drained or 

siphoned off (Chen et al., 2009).  

Drying of algal biomass 

Harvested algae contain 97-99% water, and removal of most of the water is necessary 

for long term storage of the algae feedstock. It is generally recommended that 

moisture level of biomass should be kept below 7% (Chen et al., 2009). Drying of 

harvested biomass is necessary to increase the viability of biomass for lipid extraction 

(Guldhe et al., 2014).  

 Commonly used methods for biomass drying are lyophilization, oven-drying, 

drum-drying, spray-drying and sun-drying. Sun-drying takes around 72 h or 3 days 

and is relatively time consuming compared to other methods, but it is economical and 

energy effective. However, its weather dependent nature could easily put the 

operation at risk of spoilage, and it also requires a large space (Chen et al., 2009).  

 Lyophilization or freeze-drying is a gentle process in which all the cell 

constituents are preserved without rupturing the cell wall, where cells are frozen 

overnight at temperatures as low as -84°C and freeze dried using lyophilizer. Its main 

disadvantage is that it is a slow process as well as cost intensive.  

 Drum-drying and spray-drying methods are fast and efficient, but are also cost 

intensive. Another common method of drying is using hot air oven at temperatures 



 

 

 

 

around 60-70°C for 12-24 h. These methods are less time-consuming but are energy 

intensive.  

 The economic feasibility offered by sun-drying makes it ideal for large scale 

production of dry biomass from the wet microalgal biomass (Guldhe et al., 2014). 

Extraction of algal oil 

The oil from de-watered microalgal biomass is extracted by different methods such as 

mechanical presses, conventional solvent extraction, enzymatic extraction, pyrolysis, 

osmotic shock, supercritical carbon dioxide extraction, etc. Mechanical presses 

include screw, expeller and piston presses, and involve the use of mechanical force to 

rupture algal cells. Solvent extraction is a quick and efficient method for the 

extraction of lipids from the whole cells, and is the most economical method currently 

available (Gong and Jiang, 2011). Organic solvents like chloroform-methanol (2:1 

v/v), n-hexane, hexane-ethanol (96%) (1:2:5 v/v/v), isopropanol-chloroform (1:1 v/v) 

and a variety of other solvent systems have been used by researchers to extract 

microalgal oil (Bligh and Dyer, 1959; Mexwell et al., 1968; Grima et al., 1994; 

Kalacheva et al., 2002). But one drawback of this method is the flammability and 

toxicity of the solvents used.  

 Osmotic shock is a sudden reduction in osmotic pressure, causing microalgal 

cells in solution to rupture and release cellular oil and other components. This method 

is suitable for oil extraction of certain marine species like Dunaliella sp., which lack a 

thick cell wall (Gong and Jiang, 2011).  



 

 

 

 

 Pyrolysis is a process based on the decomposition of organic compounds 

present in the total biomass under a controlled environment in the absence of oxygen 

and at atmospheric pressure, resulting in different phase: liquid (bio-oil), gas, and 

solid (char). The process is an excellent alternative for energy conversion, and uses 

different sources of organic matter, not being limited by the lipid content (Vargas and 

Monteggia, 2015). Hu et al. (2013) reported maximum oil yield of 54.97% using 

pyrolysis temperature of 500°C from blue-green algae blooms carried out in a fixed 

bed reactor. Wang et al. (2015) further reported that pyrolysis of defatted microalgae 

provided a potential way to convert protein and carbohydrate to biofuels, and defatted 

microalgae pyrolysis with lipid extraction has higher total oil yield than only 

microalgae direct pyrolysis.  

 Supercritical fluids are also used to extract oil from algal biomass. In this 

process the extracts are free from solvent residues and the method is quick and safe 

for thermally sensitive products.  Supercritical fluid extraction takes advantage of the 

fact that some chemicals behave as both a liquid and a gas, and have increased 

solvating power when they are raised above their critical temperature and pressure 

points. The CO2 is favored because of its relatively low critical temperature (31.1°C) 

and pressure (72.9 atm) (Cooney et al., 2009).  

 Oil extraction using enzymatic extraction method uses enzymes to degrade 

cell walls with water acting as the solvent. This makes fractionation of oil much 

easier. Enzymatic extraction method is commercially feasible, but cost reduction of 

this process is essential (Gong and Jiang, 2011). 

1.7. Uses of biomass after oil-extraction 



 

 

 

 

A significant amount of biomass is left after oil is extracted from the algal cells. This 

oil-extracted biomass still contains a substantial amount of energy and nitrogenous 

compounds. One approach for dealing with this waste biomass is to convert the wet 

biomass to methane and a liquid fertilizer (Scott et al., 2010). Another use of the 

waste biomass is for animal feed and as a food source for the aquaculture industry. 

Algae are the natural food for many animals used in aquaculture and it is not 

surprising that they are considered the best food source for aquaculture, but using live 

algae is difficult due to their high cost and production difficulties (Scott et al., 2010). 

In addition to direct feed, microalgae can be used as a feed source for zooplankton 

which can in turn be used as a feed for fish (Raja et al., 2008). However, it is often 

practiced to mix algae with other food sources as higher concentrations of algae in the 

feed can lead to adverse effects (Spolaore et al., 2006). 

1.8. Commercial application of microalgae  

Microalgae are presently used in foods and health foods, as aquaculture feeds, and for 

production of pigments, PUFAs and other fine chemicals (Spolaore et al., 2006). 

Many algae species have high  contents of very long chain polyunsaturated fatty acids 

(VLCPUFAs) such as arachidonic, eicosapentaenoic (EPA), and docosahexaenoic 

(DHA) acids required in healthy diets (Harwood and Guschina, 2009).  

 Algae are widely used in phycoremediation to remove environmental 

pollutants such as heavy metals, or render them harmless. Algae growing in 

wastewater treatment high rate algal ponds (HRAPs) assimilate nutrients and thus 

subsequent harvest of the algal biomass recovers the nutrients from the wastewater 

(Park et al., 2011). The algae are used to remove nitrogen and phosphorus (Rai and 



 

 

 

 

Gaur, 2001), and are also used to remove heavy metals such as cadmium, zinc, nickel 

and lead (Mehta and Gaur, 2005).   

1.9. Fossil fuel  

The world is presently confronted with the twin crises of fossil fuel depletion and 

environmental degradation (EL_Kassaby and Nemit_Allah, 2013). The term fossil 

fuel is defined as a natural fuel such as petroleum oil, coal or natural gas, formed in 

the geological past from the remains of living organisms. These fossil fuels represent 

the major source for global energy demands for use in various sectors like industries, 

transportation, powering of equipment and the generation of electricity. The excessive 

use of these fossil fuels at the global level is currently creating an environmental 

hazard as they contribute to air pollution and global warming. The US Department of 

Energy has reported that the world’s oil supply will reach its maximum production 

and midpoint of depletion sometime around the year 2020 (Jindal et al., 2010).  

1.10. Biofuels as an alternative to fossil fuels 

The term biofuel is used for liquid or gaseous fuels for the transport sector that are 

predominantly produced from biomass (Demirbas, 2007). Biofuels include biodiesel 

from microalgae and other oil crops such as soybean, sunflower, palm, peanut, animal 

fat, waste cooking oil, bioethanol and other alcohols from sugarcane and corn starch, 

H2, long-chain hydrocarbons and biogas (Demirbas, 2007; Gong and Jiang, 2011).  

 Compared to fossil fuels, biodiesel is environmentally friendly and 

sustainable, and is considered as a viable alternative to conventional petroleum (Wan 

et al., 2011). Biodiesel standards have been formed in several countries to ensure the 

production and usage of only high-quality biodiesel. In the United States, biodiesel is 



 

 

 

 

specified by ASTM (American Standard Testing Methods) D6751, an authoritative 

body in 1996 which published standards in 2000 (Huang et al., 2012). ASTM has 

defined biodiesel as a fuel composed of monoalkyl esters of long-chain fatty acids 

derived from renewable vegetable oils or animal fats (ASTM, 2008a).  Biodiesel can 

be used in standard diesel engines in the pure form (100% biodiesel or B100). When 

20% biodiesel is blended with 80% petroleum diesel, it is referred to as B20, when 

10% biodiesel is blended with 90% petroleum diesel, it is referred to as B10, and 

when 5% biodiesel is blended with 95% petroleum diesel, it is referred to as B5. 

Biodiesel has been estimated to yield 93% more energy than that invested in its 

production, and a 41% reduction in greenhouse gas emissions with less air pollutants 

released per net energy gain as compared to fossil fuels (Hill et al., 2006). 

 Several oilseed plants are now being extensively used in biodiesel production 

(Karmakar et al., 2010, Liaquat et al., 2012, Shang et al., 2010, Sudhakar et al., 2012). 

Developing countries like India and China are taking steps in liquid biofuel 

production to reduce greenhouse gas emissions and dependence on coal and 

petroleum, while meeting increasing energy demands (Sudhakar et al., 2012; Liang et 

al., 2013). The global biodiesel market is estimated to reach 37 billion gallons by 

2016, growing at an average annual growth of 42% with European Union market 

leading closely followed by the US market (Sims, 2007). The price of biodiesel is 

higher compared to normal petroleum diesel. According to the U.S. Department of 

Energy’s Clean Cities Alternative Fuel Price Report in April 2015, the price of 

biodiesel (B20) was US$ 2.92/gallon and biodiesel (B100) was US$ 3.77/gallon while 

the price per gallon of diesel fuel was US$ 2.88. It has been estimated that 80% of 

biodiesel expenses is due to cost of feedstock acquisition, which is a serious threat to 



 

 

 

 

the biodiesel industry. The choice of feedstock is crucially important in terms of cost 

effectiveness and quality of biodiesel produced, which implies that possible feedstock 

candidates need to be further explored. 

1.11. Microorganisms as source of biodiesel 

Biodiesel can be made from almost any source of oil or fat when reacted with alcohol; 

the major components of these sources are triacylglycerol molecules. Although oil 

crops are renewable resources, biodiesel production from oil crops in large quantities 

has been deemed unsustainable (Chisti, 2008). In recent years, microbial oils have 

emerged as a strong candidate for potential biodiesel source and a lot of research work 

has been put into their account. Microbial oils, also called as single cell oils, are 

produced by some oleaginous microorganisms like yeast, fungi, bacteria and 

microalgae (Ma, 2006). These microbial oils have proved to be suitable for biodiesel 

production. 

 Many yeast species such as Cryptococcus albidus, Lipomyces lipofera, 

Lipomyces starkeyi, Rhodosporium glutinis, Trichosporon pullulan, and Yarrowia 

lipolytica, were found to be able to accumulate oils under some cultivation conditions, 

and it was reported that different yeast species led to different oil accumulation (Li et 

al., 2008). These yeast oils were reported to be suitable for biodiesel production. A 

study by Sergeeva et al., (2011) on the oleaginous mucoralean fungus, 

Cunninghamella echinulata VKM F-1204(-) strain showed that the fungal lipids were 

similar in their fatty acid composition to that of rapeseed oil. The biodiesel produced 

from the fungal oil was found to comply with the European standards (EN 14214) in 

its main characteristics.  



 

 

 

 

 Like their fungal counterparts, bacteria are also able to accumulate oil under 

special conditions, but only a few bacteria can produce oils that can be used as 

feedstock for biodiesel production (Li et al., 2008). But genetic engineering 

technology in bacteria has rendered it possible to produce oil accumulating strain. A 

metabolically engineered Escherichia coli could produce biodiesel (fatty acid esters) 

at a concentration of 1.28 g l-1 by fed-batch fermentation using renewable carbon 

sources (Kalscheuer et al., 2006). In general, microbial oils are fairly advantageous as 

biodiesel sources in terms of their renewability, high growth rates, high lipid content 

and their non-competitiveness with other food crops. Among them, microalgae have 

been given outstanding interest as a potential renewable source of biodiesel due to a 

number of valid reasons. 

1.12. Algae based biodiesel production 

Microalgae have long been a topic of interest for liquid fuel production. This is due to 

many factors, including their high lipid content, the ability to grow on non arable land 

and/or salt water, their fast rate of growth, and the fact that they do not compete with 

food crops (Baum, 1994). 

  Several unicellular species such as Chlorella protothecoides (Miao and Wu, 

2006), Neochloris oleoabundans (Pruvost et al., 2009), Haematococcus pluvialis 

(Damiani et al., 2010), Botryococcus braunii (Yoo et al., 2010), Chlorella 

saccharophila (Herrera-Valencia et al., 2011), and many others have been 

investigated and proposed as potential sources of biodiesel.  A few reports on 

filamentous species like Tolypothrix, Stigeoclonium, Pithophora, Hydrodictyon, 

Spirogyra, Zygnema, Rhizoclonium, Oedogonium and Cladophora are also available 



 

 

 

 

(Sharif Hossain et al., 2008; Kumar et al., 2011; Praveenkumar et al., 2012; Sawarkar 

and Nandkar, 2013).  

 Different microalgae species have been found to contain a fairly high amount 

of lipid ranging from 1-69% on dry weight basis (Becker, 1994; Chen et al., 2008; 

Rodolfi et al., 2009; Chen and Walker, 2011). Moreover, several reports on the fatty 

acid composition of algae shows the relative abundance of medium chain fatty acids 

C16s and C18s which are particularly considered as ideal for production of biodiesel.  

 The lipid yield of algae is highly affected by stress conditions like nutrient 

deficiencies, salinity, high and low temperatures, light intensities, pH etc. The stress 

conditions modulate the growth rate of the algae; therefore, lipid yield per se is also 

affected by the stress conditions. Different species have been screened and 

investigated for their performance under induced stress conditions with the purpose of 

increasing lipid and triacylglycerols (TAG) contents.  

 TAG contents of microalgal cells can be increased by nutrient limitations 

(Takagi et al., 2000). Nitrogen starvation has been particularly found to induce 

accumulation of lipids and fatty acids in microalgae (Rodolfi et al., 2009).  A review 

by Griffiths and Harrison (2009) showed that out of the 24 algal species, 17 species 

showed increased lipid content under nitrogen deprivation. Phosphorus limitation has 

been found to increase the total cellular lipid content in the fresh water 

eustigmatophyte Monodus subterraneus which was attributed to a rise in TAG levels 

from 6.5% up to 39.3% of total lipids (Khozin-Goldberg and Cohen, 2006). It was 

also reported that a combined higher pH (9.3 and 10.3) and nitrate depletion results in 

an increased accumulation of TAGs in Scenedesmus sp. and Coelastrella sp. (Gardner 



 

 

 

 

et al., 2011).  The total lipid content of green algae have been found to increase from 

an average of 25.5% to 45.7% dry cell weight under induced stress conditions (Hu et 

al., 2008). 

1.13. Advantages of algal biodiesel 

Among the various options regarding choice of feedstock for biodiesel production, 

algae have the following advantages: 

1) Algae grow in aqueous environment and have easy access to water, CO2 and 

other nutrients and, therefore, have the potential for the production of more oil 

per unit area than other oleaginous crops. 

2) They do not pose any competition for land with other economically important 

crops. 

3) Some algae species are halophytic and, therefore, can be grown in saline 

waters with no additional demand for fresh water. 

4) They have very high oil content per dry weight basis. 

5) They possess abundant amounts of medium chain fatty acids (C16s and C18s) 

that are considered as ideal for biodiesel production. 

6) Mass cultivation of algae helps in CO2 sequestration which will aid in 

pollution reduction. 

7) In addition, algae grown in wastewater treatment high rate algal ponds 

(HRAPs) assimilate nutrients and thus help to recover nutrients from the 



 

 

 

 

wastewater. They are also used to remove heavy metal pollutants from aquatic 

systems. 

1.14. Biodiesel production process 

Biodiesel is prepared from vegetable and animal oils chiefly by the transesterification 

process. Other methods include pyrolysis, microemulsification and dilution with 

solvents. Transesterification is the process in which the TAGs present in the oil is 

transesterified in to alkyl-esters. The three fatty acid chains attached to the glycerol 

backbone in TAGs are removed when reacted with an alcohol in the presence of a 

strong acid or base catalyst.  

 Transesterification produces a mixture of fatty acid alkyl esters and glycerol. 

The three fatty acid chains are sequentially removed and thus diacylglycerols and 

monoacylglycerols are formed as intermediate products. 1 mole of TAG and 3 moles 

of the alcohol are required for the reaction but excess alcohol is commonly used to 

increase yield of alkyl ester as well as to ensure phase separation from the by-product 

glycerol. Glycerol is subsequently removed and the remaining fatty acid alkyl esters 

mixture is considered as biodiesel. Transesterification reduces the viscosity of the oil 

and render it usable for various types of diesel engines. Biodiesel obtained through 

this method has properties very close to those of diesel fuel. 

1.15. Major objectives  

The rate of biomass production, lipid content and lipid productivity are key factors 

that determine the economic feasibility of biodiesel production from microalgae. 

Other factors critical to the success of a large-scale production of algal biodiesel are 

resistance to contamination as well as tolerance to a wider range of environmental 



 

 

 

 

factors.  While lipid productivity is affected by the cultivation methods of microalgae, 

the harvesting and lipid content significantly add to the cost of downstream 

processing and biodiesel production. In this context, freshwater filamentous algae 

may offer additional advantage as they can be easily harvested. The present study is 

focused on screening of filamentous algae as source of biodiesel feedstock.  

 The major objectives of the present study were:  

1) To isolate and culture the filamentous algal species growing in natural and 

man-made freshwater bodies of Mizoram, India. 

2) Screening of isolated algal species for total cellular lipid content and to carry 

out a detailed profiling of lipid and fatty acid composition of selected algal 

species. 

3) To study the effects of various culture conditions on the growth and 

subsequent lipid accumulation of selected algal species. 

4) To cultivate selected oleaginous algal species in a laboratory-scale outdoor 

conditions, and optimization of operational parameters for higher biomass and 

lipid accumulation. 

1.16. Scope and significance 

The fossil fuel we consume today is a very large amount, and our consumption will 

rise by 60% or so in the next 25 years unless we can replace it on a very large scale. 

Our greatest challenge is to find means to reduce the extraction and combustion of 

fossil fuels. Microbial biodiesel is beginning to attract attention and investment today. 

At this point, scientists, engineers, and investors in microbial biodiesel are trying to 



 

 

 

 

know the most suitable microbial biomass that can be used as oil feedstock. The 

present study aims to identify potential freshwater filamentous algae with relatively 

higher growth rate, shorter generation time and higher lipid contents. Secondly, it is 

important to know which types of reactors are suitable and economical for production 

of algae-based biodiesel.  The results emerging from the present study may be helpful 

in designing, development and operation of reactors for growing algae at large scale. 

The study may find applications in optimization of algal biomass production, oil 

extraction and production of biodiesel from algal lipid. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter 2 

 

 

MATERIAL AND METHODS 

 

 

2.1. Collection, isolation and identification of filamentous algae 

Study sites 

All experiments in this study used algal strains that occur naturally in local freshwater 

bodies in and around Aizawl District, Mizoram, India. Mizoram is situated in the 

north eastern part of India and falls within the coordinates of 21°58′ to 24°35′ N 

Latitudes and 92°16′ to 93°26′ E Longitudes. The location map of the study area is 

given in Plate II. The algal habitats include pond, river, lake, springs and a small man-

made water reservoir where the algae were found attached to plant debris, moist soil 

and rock surfaces or free-floating on the water surface. 

Algae were collected from the following sites located within Aizawl District, 

Mizoram (Plate III): 

I. Tuirial River: The river is situated between 24°21′5′′ N Latitude and 

92°53′2′′E Longitude, and spans about 117.5 km in length. It is surrounded by 

hilly terrains covered with green vegetation. As it is easily accessible by road  



 

 

 

 

 

 

 Plate II  Location map of the study area. 

 



 

 

 

 

at some points, the river serves as a place for several anthropogenic activities 

resulting in mildly polluted water at these areas. It is one of the sources of 

water supply to Aizawl City and has water throughout the year.  

II.  Tam Dil: This is a freshwater lake situated between 23°44′18′′ N Latitude and 

92°57′10′′E Longitude, with a circumference of 890 m and depth of about 7 m. 

It lies at an altitude of 717 m above the sea level. This lake is conserved under 

the National Wetland Conservation Programme [vide D>O>No.J/2201/01/10-

CS(W)] of India. It is a nutrient rich ecosystem with a diversity of flora and 

fauna. At the same time, traces of pollutants are also present in the waters. 

III.  Bawngkawn: Samples were collected from two sites within Bawngkawn 

locality, a miniature pond and a small man-made water reservoir. This locality 

lies between 23°45′14′′ N Latitude and 92°43′41′′E Longitude. The miniature 

pond is approximately 5 m in circumference with a depth of about 3 m. It 

serves as a useful source of domestic water for local people. Several algal 

filaments were seen floating or attached to substrata around the outer edge of 

the water body. The water reservoir is also constructed for private domestic 

use with a size of 5x2x1.5 m (length x breadth x height). Algae and other 

planktonic species soon appear on the water when left undisturbed and so 

regular cleaning is done by the owners.  

IV.  Saron Veng: Algal samples were collected from spring water found in this 

locality. The locality lies between 23°43′55′′ N Latitude and 92°43′4′′E 

Longitude. This water body also serves as a source of water supply to the  

 



 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

locals and a certain amount of human activities can be found here. The water 

is largely unpolluted. 

V. Chaltlang: This locality is situated between 23°45′5′′ N Latitude and 

92°43′25′′E Longitude. Algal sample was collected attached to moist rock 

found here.  

Collection of algal samples 

Several algae samples were obtained from the above 6 sites. Samples were collected 

by scraping off from the surface of attachment or directly taken with the water if 

found free-floating, in small polythene bags and sample tubes (Tarsons, India). They 

were then transported to the laboratory for identification, isolation, culture and 

analysis. 

Isolation of algae  

Algae collected from the natural habitats were isolated using standard microbial 

streaking method in Chu-10 agar medium (Gerloff et al., 1950) under aseptic 

conditions in a laminar air flow cabinet (Andersen and Kawachi, 2005). The chemical 

composition of Chu-10 medium is given in Table 2.1. 

 The pure unialgal filaments obtained from distinct colonies in the agar plates 

were transferred to 250 ml Erlenmeyer’s flasks containing 150 ml liquid Chu-10 

medium. The flasks were plugged with non-absorbent cotton wool. The culture 

medium was prepared using Milli-Q water. All glassware (Borosil, India) and culture 

media were sterilized in an autoclave at 121°C at 20 psi for 15 min (Kawachi and 

Noel, 2005). 



 

 

 

 

Purification  

In certain cases, pure filaments could directly be collected from their natural habitats. 

These filaments were thoroughly washed using sterilized Milli-Q water for several 

times. They were homogenized in sterilized water using glass beads in capped glass 

tubes. The homogenized filaments were then washed three times by centrifugation at 

3000 rpm for 10 min, using sterilized water for the first two washes and the last wash 

by Chu-10 medium. The algal pellet was then re-suspended in 10 ml liquid medium 

and inoculated in either agar or liquid Chu-10 medium under sterile conditions. 

Identification and maintenance of collected species 

The isolated algae were identified using standard reference books. The axenic cultures 

were maintained by regular checking for microbial contamination and by giving 

regular transfers to fresh culture medium.  

Three species, namely, Rhizoclonium fontinale, Cladophora crystallina and 

Pithophora cleveana were not successfully cultured in the laboratory and so total lipid 

content for these three species was tested directly from natural samples. 

2.2. Cultivation and maintenance of isolated algae in laboratory 

Spirogyra reticulata was cultured in D-11 medium (Graham et al., 1982; Table 2.2), 

and Klebsormidium flaccidum was cultured in Bold’s Basal Medium (Bold, 1942; 

Table 2.3). All the other species selected for this study (Zygnema heydrichii, 

Stigeoclonium variable, Nostoc muscorum, Oedogonium sp., Scytonema stuposum) 

were cultured using Chu-10 medium.  



 

 

 

 

Table 2.1 Chemical composition of Chu-10 medium (pH 7.5) (Gerloff et al., 1950). 

*K2HPO4 and ferric citrate were autoclaved separately and added to the cool, 

sterilized medium to avoid precipitation in the medium. pH of the medium was 

adjusted to 7.5 prior to autoclaving. For agar medium, 1.5% agar agar in Chu-10 

medium was used.  

Cultures were maintained at 25°C and under 10:14 h light:dark period using cool 

white fluorescent tubes (Plate VA-C). The initial pH of the medium was adjusted to 

7.5 using 0.1N HCl / NaOH. Culture flasks were manually agitated at least twice in 

one day to ensure proper nutrient mixing and to avoid reduced light penetration due to 

shading of stacked filaments. The cultures were examined at regular intervals with the 

help of a light microscope to check for purity of the cultures and for microbial 

contamination. Contaminated cultures if found, were discarded. 

Macronutrients g l-1 Micronutrients mg l-1 

KNO3 0.040 MnCl2.4H2O 0.5 

K2HPO4 0.010 Na2MoO4.2H2O 0.01 

CaCl2 0.040 H3BO3 0.5 

MgSO4.7H2O 0.025 CuSO4.5H2O 0.02 

Na2SiO3 0.020 CoCl2 0.04 

Ferric Citrate 0.003 ZnSO4.7H2O 0.05 

Citric acid 0.003   



 

 

 

 

Table 2.2 Chemical composition of D-11 medium (pH 7.0) (Graham et al., 1982). 

Component Stock solution  

(in 100 ml Milli-Q H2O) 

Quantity used  

(in l l H2O)  

MgSO4.7H2O - 0.10 g 

Ca(NO3)2.4H2O - 0.15 g 

KCl 3.0 1 ml 

NaHCO3 10.0 1 ml 

Na2SiO3.9H2O 6.0 1 ml 

K2HPO4 1.5 1 ml 

Trace metals solution * 1 ml 

* D-11 Trace metals solution: In 100 ml H2O.   

Component Stock solution  

(in 10 ml H2O) 

Quantity used  

  

Na2EDTA.2H2O - 1.25 g 

FeSO4.7H2O - 0.50 g 

H3BO3 - 0.10 g 

ZnSO4.7H2O - 0.01 g 

MnSO4.H2O - 0.02 g 

Na2MoO4.2H2O 0.25 g 1 ml 

CuSO4.5H2O 0.23 g 1 ml 

CoCl2.6H2O 0.04 g 1 ml 

2.3. Sample harvesting and drying of biomass 

Cultures from the flasks were harvested by centrifugation (Eltek, India; model RC 

4100F) at 10,000 rpm for 10 min and washed with 5 ml of 0.2% NaCl by re-

centrifugation. For species with fine filaments, harvesting was done using filtration 

with normal filter paper. Biomasses of the algae samples were kept in the sun for  



 

 

 

 

 

 

 



 

 

 

 

three days to complete dryness (Plate VD). This drying method is economical and 

maximum moisture is removed without any apparent effect on the biochemical 

qualities of the algae. The completely dried filaments were grinded to fine powder and 

weighed.  

2.4. Growth measurements 

Determination of growth pattern 

Algae cultures were inoculated in 250- ml conical flasks containing 150 ml Chu-10 

medium. To study the growth behavior, growth was estimated on the basis of optical 

density (OD) of culture and total chlorophyll contents. The 5 ml culture was 

aseptically withdrawn from each flask and OD was recorded using UV-Vis  

Table 2.3. Chemical composition of Bold’s Basal Medium (pH 6.6) (Bold, 1942). 

Component Stock solution  

(g in 100 ml H2O) 

Quantity used  

(ml in l l H2O)  

NaNO3 2.5  10  

CaCl2.2H2O 0.25  10 

MgSO4.7H2O 0.75  10  

K2HPO4 0.75  10  

KH2PO4 1.75  10 

NaCl 0.25  10 

Alkaline EDTA solution  1 

EDTA 5  

KOH 3.1  

Acidified iron solution * 1 

Boron solution 1.142 1 



 

 

 

 

Trace metals solution ** 1 

* Acidified iron solution: 0.1 ml H2SO4 dissolved in 100 ml dH2O, then 0.498 g 
FeSO4.7H2O added. 

** Bold’s Basal medium - Trace metals solution: In 100 ml H2O. 

Component g 100 ml-1 

ZnSO4.7H2O 0.882 

MnCl2.4H2O 0.144 

MoO3 0.071 

CuSO4.5H2O 0.157 

Co(NO3)2.6H2O 0.049 

 

Spectrophotometer 117 (Systronics, India) for a period of 20 days at regular interval. 

The culture flasks were agitated by thorough shaking to ensure culture 

homogenization and OD readings were taken at specific wavelengths for each species. 

A reference blank of basal culture medium was used. The culture conditions were as 

described in section 2.2. Three replicates each were considered for all the species. 

Determination of growth rate 

Specific growth rate (µ day -1) was calculated using the following equation: 

 µ ( day-1) = ln (n2 – n1) / ∆t 

where n2 and n1 are absorbance readings at which exponential growth was seen, and 

∆t = time interval of n1 and n2 in days (Guillard, 1973).  

2.5. Extraction and determination of chlorophyll content 



 

 

 

 

Algal pellets were formed by centrifugation at 12,000 rpm for 15 min. To the pellet, 5 

ml of 80% acetone was added and left for 12 h at 4°C. The suspension was again 

centrifuged and absorbance of the supernatant was taken at 645 and 663 nm. Total 

chlorophyll content was calculated by using the following equation (Becker, 1994): 

   Chlorophyll (mg l-1) = 8.02 X OD663 + 20.21 X OD645. 

  For cyanobacterial species, quantitative estimation of chlorophyll ‘a’ pigment 

was done in terms of mg l-1 using the formula (Mackinney, 1941): 

   C = D / dα X 1000  

Where, α is absorption coefficient (82.04), D is optical density at 665 nm, d is inside 

path length of cuvette in cm and C is concentration of pigment in mg l-1. 

2.6. Estimation of protein 

The total protein contents of cultures were estimated according to Lowry et al. (1951). 

The following reagents were prepared: 

Reagent A: 

i.  2% sodium carbonate solution 

ii.  0.1N NaOH solution (0.4 g in 100 ml distilled water) 

       50 ml each of (i) and (ii) were mixed to make Reagent A. 

Reagent B: 

i.  1.56% CuSO4.5H2O solution 



 

 

 

 

ii.  2.37% K-Na tartrate solution 

 10 ml each of (i) and (ii) were mixed to make Reagent B. 

Reagent I: 100 ml of Reagent A and 2 ml of Reagent B were mixed to make         

Reagent I. 

Reagent II: 1 part Folin-Phenol (2N): 1 part water 

BSA standard: 1.0 mg l-1 

 A protein standard curve was prepared using different concentrations of 

bovine serum albumin (BSA) solutions, ranging from 0.05 - 1.0 mg l-1, and the 

reagents mentioned above. For each concentration, 0.2 ml of the protein solution was 

taken in a test tube. 2.0 ml Reagent I was added and boiled for 10 min. The test tube 

was then cooled and 0.2 ml of Reagent II was added. This was thoroughly mixed and 

allowed to stand for 30 min at room temperature and absorbance was measured at 660 

nm. A mixture of the Reagent I (2 ml) and Reagent II was taken as blank. Absorbance 

was plotted against protein concentrations to generate a standard calibration curve. 

 Protein content of the algal samples was estimated following similar protocol 

used for the protein standard. 0.2 ml of the algal sample was removed from the culture 

flask and kept in a test tube. 2 ml of the Reagent I was added and boiled for 10 min. 

0.2 ml of Reagent II was added after cooling the test tube. After 30 min incubation at 

room temperature absorbance was read at 660 nm. The OD reading was plotted 

against the protein standard curve. 



 

 

 

 

2.7. Estimation of lipid peroxidation by measuring MDA 

content 

Oxidative damage of lipid under salinity and heavy metal stress was determined in 

terms of the level of lipid peroxidation products following the method of De Vos et al. 

(1993). 2 ml of algal suspension was added to 8 ml of growth medium with different 

concentrations of the stress compounds and incubated for 2 h. The cultures were then 

centrifuged. To the pellet, 4 ml of extraction mixture (10% trichloroacetic acid 

(TCA), 0.25% thiobarbituric acid (TBA) and butylated hydroxytoluene (BHT)-50 ml 

l-1) was added and kept in water bath at 80° C for 1 h. The reaction was terminated 

immediately by cooling in ice bath and then centrifuged at 10,000 rpm for 10 min. 

The absorbance of the supernatant was read at 532 nm and correction for unspecific 

turbidity was done by subtracting the absorbance of the same at 600 nm. A total of 

0.25% TBA in 10% TCA was taken as blank.  The concentration of lipid peroxides 

was expressed in terms of mM MDA (malondialdehyde) content mg-1 protein. The 

concentration of the total MDA was calculated using an extinction coefficient of 155 

mM-1 cm-1 and was determined by the equation:     

  MDA (mM mg-1 protein) = (A532-A600)/ 155 

2.8. Extraction of lipid from algal samples 

The total lipid content was determined by using a modified Bligh and Dyer’s method 

(Bligh and Dyer, 1959). 1.0 g of dried algal biomass (Plate VD) was mixed with 30 

ml of chloroform: methanol (1:2) in a conical flask and sonicated using an 

ultrasonicator (Labsonic, Sartorius) for 30 sec min at full power. The mixture was 



 

 

 

 

vortexed for 20 min and allowed to settle for the next 30 min. 15 ml of the supernatant 

was then removed in another tube and 10 ml of chloroform was again added to the 

mixture. This was vortexed for 10 min and 10 ml of water was added to it. The 

mixture was again vortexed for 1 min and then centrifuged at 3000 rpm for 10 min. 

The middle layer containing cell debris was discarded along with the upper 

methanol/water phase. The bottom chloroform/oil phase was collected and filtered 

into a test tube. The chloroform was completely evaporated at 40°C and the residual 

lipid content was stored at -20°C until analysis.  

2.9. Determination of lipid content 

Lipid content of algal culture was determined gravimetrically. Lipid extract was 

placed in a pre-weighed glass tube. The weight of lipid was obtained by subtracting 

the weight of the empty glass tube from the weight of glass tube with lipid. 

Percentage of lipid content was determined by the following equation: 

  %	�"#��	�$%$�	&"'#('# = 	 )*+,-.	/0	1+2+3		+4		,	)*+,-.	/0	51,51	65721*	+4	, 	�	100      

2.10. Quantification of lipid classes (TAG, DAG, MAG and PL) by 

thin layer chromatography 

Thin layer chromatography on silica gel is well known for its separation power for 

lipids. Separation and quantification of the lipid classes - neutral lipids (TAG), 

diacylglycerides (DAG), monoacylglycerides (MAG) and polar lipids (PL) in the test 

organisms was done using thin layer chromatography (TLC). TLC was performed in a 

glass chamber lined with chromatography paper on one side. The chamber was sealed 



 

 

 

 

with grease and kept saturated with solvent vapors. The solvent system used to elute 

neutral lipids was hexane: diethyl ether: acetic acid (85:15:1) mixture. Lipid extracts 

from known algal biomass were suspended in 1 ml of chloroform. 40 µl each of the 

lipid extracts were loaded on pre-coated TLC Silica gel plates (Merck 60 F254, 20x20 

cm, layer thickness 0.2 mm, Germany) and simultaneously run with triolein in 

chloroform (0.04 µg ml-1 and 0.08 µg ml-1) as standard for TAG. Bands were 

visualized using iodine vapors inside a glass chamber. The TLC plates with bands 

were scanned with HP scanner. Quantitative analysis of lipid class contents was 

performed using the open source software GelAnalyzer2010. 

2.11. Determination of fatty acid composition of algal lipids 

Preparation of fatty acid methyl esters (FAMEs) 

An analysis of the fatty acid profiles of the algae species was performed using gas 

chromatography. For this purpose, volatile derivatives of the fatty acids in the form of 

methyl esters were first prepared and used as analytical materials. 100 mg of dried 

biomass was taken in a 15-ml screw-capped Borosil tube and 1.0 ml methylating 

reagent containing methanol : acetyl chloride : benzene (20:1:4) added. The tubes 

were placed in a water bath at 60°C for 1 h. After cooling, 1 ml n-hexane was added 

and centrifuged at 1500 rpm where the FAME separated out in the upper n-hexane 

layer. This hexane layer with the FAME extracts constituted crude biodiesel. 

 The hexane layer containing FAMEs was analyzed using Agilent 6890 GC 

equipped with an FID detector. A fused silica capillary column DB-225 (30 m x 25 

mm id x 0.25 µm, film thickness) was used for the analysis of FAMEs. The oven 



 

 

 

 

temperature was held at 160°C for 2 min and increased at 5°C min-1 to 230°C and 

maintained for 15 min. The injector and FID temperature were kept at 220°C and 

255°C, respectively. The carrier gas was N2 and the flow rate was kept at 1.5 ml min-

1. The area percentage was recorded with a standard HP chemstation data system. 

2.12. Effect of abiotic stresses on growth, lipid accumulation and 

lipid profile  

Nitrogen and phosphorus depletion of medium 

Selected algal species were investigated to test the effect of nutrient depletion on 

growth, lipid accumulation and lipid profile. Cultures were subjected to nutrient 

depletion by modifying the composition of Chu-10 medium as described below: 

i. The P-depletion (-P): complete elimination of the phosphorus source 

K2HPO4  

ii.  The N-depletion (-N): complete elimination of the nitrogen source KNO3  

iii.  Both N- and P-depletion (-N-P): complete elimination of N and P from 

medium 

iv. Control (+N+P): full strength Chu-10 medium 

Determination of growth under nutrient depletion 

 Growth of selected algae species under N- and P-depletion was determined for a 

period of 20 days in a batch culture mode. Test algae were inoculated in to 250-ml 

Erlenmeyer’s flasks containing 150 ml of the different growth media as described 



 

 

 

 

above. Cultures were maintained at 25°C and under 10:14 h light: dark photoperiod. 

The initial pH of the medium was adjusted to 7.5 using 1N HCl / NaOH. Three 

replicates each were maintained for different treatments, and cultures were manually 

shaken at least twice daily. The growth pattern and specific growth rate (µ day-1) were 

determined as described in section 2.4. 

 For the cyanobacterium N. muscorum, the growth under different sources of 

nitrogen (KNO3, NH4Cl, CH4N2O, and NaNO3) were observed for a period of 4 days 

to see if the source of nitrogen had any impact on the growth of the alga. Chu-10 

media with the four nitrogen sources were prepared and concentrations of these 

compounds in Chu-10 were adjusted equivalent to the amount of nitrogen available in 

the form of KNO3 in Chu-10 medium. 

Lipid accumulation under nutrient depletion 

Selected algae species were inoculated to the modified growth medium as described 

above. The algae were incubated under the various depletion conditions for 7 

consecutive days keeping other culture conditions unchanged. After 7 days of N- or P-

depletion, total lipid content was determined as described in section 2.9. Species with 

fine filaments were harvested using filter paper and washed with sterile distilled 

water.  

Effect of N concentrations on lipid content of N. muscorum 

Another set of experiments was conducted to test the effect of different nitrogen 

concentrations (0.02 g l-1, 0.04 g l-1, 0.06 g l-1, 0.08 g l-1 KNO3) in Chu-10 medium on 



 

 

 

 

the lipid accumulation in N. muscorum under culture conditions similar to the 

conditions mentioned above. The treatment period was 7 days.   

Quantification of lipid classes under nutrient depletion of culture 

The test algae were grown in nutrient deplete and replete medium as described above. 

Total lipids from known algal biomass were extracted as described in section 2.8. The 

lipid extracts were re-suspended in 1 ml of chloroform. TLC was performed as per the 

method described in section 2.10 and TAG, DAG, MAG and PL were quantified. 

2.13. Effect of pH on lipid accumulation 

The effect of external pH on lipid accumulation in the selected algal species (Z. 

heydrichii, S. variable and N. muscorum) was studied. Cultures were grown in Chu-10 

medium having different initial pH values of 6.5, 7.5, 8.5 and 9.5 adjusted by using 

HCl or NaOH. No buffer was added to avoid effect on culture and process of lipid 

synthesis in algae. The treatment period was for 2 days. Pure cultures were inoculated 

to 250-ml Erlenmeyer’s flasks containing 150 ml of Chu-10 medium adjusted to 

different pH values. The algae were grown at 25°C under 10:14 h light: dark period. 

After 2 days growth the biomass was separated and lipid content was determined by 

gravimetric method as described in section 2.9.  

2.14. Effect of NaCl on growth, lipid accumulation and lipid 

peroxidation 

The effect of NaCl (10, 20, 30, 40, 50 and 80 mM) on the growth, lipid accumulation 

and lipid peroxidation of the selected algae species was investigated. A 100 ml stock 



 

 

 

 

solution of 100 mM NaCl in Chu-10 medium was prepared. Using the above stock 

solution, solutions with different NaCl concentrations were prepared using Chu-10 

medium (pH 7.5). Homogeneous algae samples (2 ml) were inoculated into test tubes 

containing 8 ml of medium with different salt concentrations. Cultures were 

maintained at 25°C and under 10:14 h light:dark period for 4 days and specific growth 

rate (µ day-1), lipid content and lipid peroxidation were determined as described 

above. 

2.15. Effect of heavy metal (Zn2+ and Cu2+) stress on specific 

growth rate, lipid accumulation and lipid peroxidation 

The effect of different concentrations of Zn2+ (2.5, 5.0, 10.0, 20.0 and 40.0 µM Zn2+) 

and Cu2+ (0.5, 1, 1.5, 2, 2.5, 5 and 10 µM Cu2+), separately, on the growth, lipid 

accumulation and lipid peroxidation of Z. heydrichii, S. variable and N. muscorum 

was studied. The algal cultures were inoculated in medium containing various 

concentrations of Cu2+ or Zn2+ and incubated for 4 days. Cultures were maintained at 

25°C and under 10:14 h light:dark period. The initial pH of the medium was adjusted 

to 7.5 using 1N HCl / NaOH. Three replicates for each treatment were considered. 

Cultures were manually shaken at least twice every day. The specific growth rate, 

lipid content and lipid peroxidation were determined as described previously. 

2.16. Growth and lipid accumulation under outdoor semicontinuous 

culture 

Culture set up  



 

 

 

 

A simple method in view of a low-cost cultivation of the algae under laboratory-scale 

outdoor conditions was tested. Algae cultures were maintained in outdoor conditions 

for 30 days. Algae were grown in 20-l plastic jars containing 10 l culture medium. 

Chu-10 growth medium was prepared using filtered and UV-sterilized river water and 

the initial pH was adjusted to 7.5. The jars were placed outdoors in the sunlight and an 

air pump was fitted in each jar for aeration and nutrient mixing. 1.1 g fresh algal 

biomass was inoculated into the jar. The growth pattern, total lipid content, biomass 

productivity and lipid productivity of the test organisms cultured for 30 days under 

outdoor conditions were determined. 

Determination of growth  

The growth pattern was recorded daily by removing 5 ml of the culture and taking OD 

readings at wavelength specific for each species. The culture was diluted with fresh 

medium (with a dilution rate of 0.22) on the 10th day of experiment and subsequently 

on every 4th day, after it was observed that the culture growth was declining.  

Dilution was calculated using the formula: 

D (day-1)  = ln (1-f) 

where, D is dilution rate (litre day-1) and f is sample removed / total volume. 

Biomass productivity 

Biomass productivity of the outdoor cultures was calculated using the equation: 

  8$"9�::	;<"�=&#$>$#? = 	@A	BCDEFG	@A	B�HIJHFKL.LM	EIN�    



 

 

 

 

which is the difference in dry weight biomass at the start and end of the experiment 

divided by the total number of days. 

Lipid content and lipid productivity  

Total lipids were extracted and quantified from the harvested and air-dried biomass at 

the end of the experimental period. Lipid extraction and quantification were done as 

described in sections 2.8 and 2.9.  

The lipid productivity was determined by the following equation: 

  ;B�$%$�F = 	 OBPQ	QEF	R	@OASQTC    

where, ;B�$%$�F is lipid productivity in g l-1 day-1, �B�$%$�F is lipid content of cells or 

lipid yield of the cells in g g-1, DCW is dry cell weight in g l-1, and Time is the 

cultivation period in days. 

2.17. Biodiesel production from algae oil: transesterification 

using acid catalyst 

Acid-catalyzed transesterification of the algal oil was carried out in a round bottom 

flask and refluxed for 2 h at 65°C with constant stirring using a magnetic stirrer. The 

reaction mixture consisted of oil, methanol and concentrated sulfuric acid. The molar 

ratio of methanol to oil was 56:1. The quantity of the acid catalyst was 100% sulfuric 

acid based on oil weight. The reaction mixture was refluxed for the specified period, 

cooled and left to separate into two layers. The upper oil layer (biodiesel) was 

separated by washing with hexane, leaving the residual glycerol behind. Hexane was 



 

 

 

 

then completely evaporated and the resultant biodiesel was washed 6-7 times with hot 

water (approx 50°C). The pH and density of the resultant biodiesel were recorded. 

2.18. Statistical analysis 

Statistical analyses of the results were performed by Student’s t-test and treatments 

were compared with control. A significance level of P<0.05 was considered for the 

tests. Graphical representation and statistical analysis of the data was done using 

Sigma plot 11.0 version (Chicago, IL) software. All the experiments were conducted 

in triplicates. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Chapter 3 

 

 

RESULTS 

 

3.1. Test algae 

A total of ten filamentous microalgae were isolated and identified from samples 

collected from the different study sites as described in Chapter 2. Table 3.1 shows the 

algal species isolated from the various sites located in Aizawl district of Mizoram.  

The photographs of the collected algae are shown in Plates VI, VII and VIII.  

3.2. Identification and morphological characteristics 

Genus: Zygnema  Agardh  

Z. heydrichii Schmidle var. indicum (Z. giganteum) 

(Randhawa, 1943) 

Unbranched filaments, cylindrical cells of equal size; free floating; each cell with 2 

stellate chloroplasts; single pyrenoid in each chloroplast; akinetes in chain. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 



 

 

 

 

 Class : Chlorophyceae 

 Order : Zygnematales 

 Family : Zygnemaceae 

 Genus : Z. heydrichii 

Genus : Spirogyra Link 

S. reticulata Randhawa  

(Randhawa, 1959) 

Thallus filamentous, unbranched silky, consisting of a row of cylindrical cells; 

filaments free floating; septa simple; chloroplast parietal; 3-5 spirals; chloroplast 

margin smooth; many rounded small pyrenoids.  

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Zygnematales 

 Family : Zygnemaceae 

 Genus : Spirogyra 

Genus:  Stigeoclonium  Kützing 

S. variable Naegili  



 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

(Krishnamurthy, 2000, p 128) 

Green, bright; thallus made up of delicate, branched filaments; sparsely branched; 

alternate branching; ending in acute cell; long cylindrical cells; little constricted at the 

level of branching. Chloroplast parietal and with 1-3 pyrenoids; mucilage layer very 

thin or invisible. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Chaetophorales 

 Family : Chaetophoraceae 

 Genus : Stigeoclonium 

Genus : Cladophora Kützing 

C. crystallina Roth 

(Krishnamurthy, 2000, p 128) 

Thallus yellowish green; soft, branches lateral, dichotomous; further branching 

unilateral; cells of main filament 8-9 times as long as broad. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 



 

 

 

 

 Order : Cladophorales 

 Family : Cladophoraceae 

 Genus : Cladophora 

Genus : Rhizoclonium Kützing 

R. fontinale Kützing 

(Krishnamurthy, 2000, p 128) 

Freshwater, thallus bright green; rhizoidal branches; 10-13 µm in diameter; cells four 

time as long as broad; rhizoid like branches sparse; single, reticulate parietal 

chloroplast with pyrenoids.  

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Cladophorales 

 Family : Cladophoraceae 

 Genus : Rhizoclonium 

Genus : Oedogonium Wittrock  

Oedogonium sp. 

(Wittrock, 1877) 



 

 

 

 

Filaments unbranched; attached on twig; elongated cylindrical cells; cells with setae; 

filaments unisexual (macrandrous); idioandrosporous. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Oedogoniales 

 Family : Oedogoniaceae 

 Genus : Oedogonium 

Genus : Pithophora Wittrock 

P. cleveana Wittrock 

(Krishnamurthy, 2000, p 128) 

Thallus yellowish green, filaments branched, primary branches alternate; cells of 

primary branches 50-62 µm broad and 5-7 times as long; akinetes both intercalary and 

terminal, barrel shaped, 80-110 µm long. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Cladophorales 

 Family : Cladophoraceae 



 

 

 

 

 Genus : Pithophora 

Genus : Klebsormidium Silva, Mattox, and Blackwell 

K. flaccidum Kützing 

Filaments uniseriate, unbranched, without polar differentiation, filaments attached; 

cell wall thin and smooth, H-pieces; chloroplast single, parietal, girdle-shaped, 

withdrawn and discoid, occupying not more than half of cell periphery; single 

pyrenoid embedded in chloroplast. 

Classification according to Bold and Wynne (1978) 

 Division : Chlorophyta 

 Class : Chlorophyceae 

 Order : Ulotrichales 

 Family : Ulotrichaceae 

 Genus : Klebsormidium 

Genus : N. muscorum Vaucher  

N.muscorum Agardh ex Born. et Flah. 

(Deshikachary, 1959) 

Thallus gelatinous-membranous, irregularly expanded, dull brown, 2-5 cm diameter; 

Filaments densely entangled; trichome 3-4 µ broad; cells short barrel-shaped to 



 

 

 

 

cylindrical, upto twice as long as broad; heterocysts spherical; spores oblong, many in 

series, 4-8 µ broad, 8-12 µ long. 

Classification according to Deshikachary (1959) 

 Phylum : Cyanophyta 

 Class : Cyanophyceae 

 Order : Nostocales 

 Family : Nostocaceae 

 Genus : Nostoc 

Genus : Scytonema Ag. Bornet and Flahault 

S. stuposum (Kützing) Bornet ex Born. et Flah. 

(Deshikachary, 1959) 

Terrestrial on moist soil; thallus reddish; filaments false branched, false branches 

resembling main filaments; sheath thick; trichome olive-violet or red; cells 1/3 shorter 

than broad, subquadrate; heterocysts as broad as the vegetative cells. 

Classification according to Deshikachary (1959) 

 Phylum : Cyanophyta 

 Class : Cyanophyceae 

 Order : Nostocales 

 Family : Scytonemataceae 



 

 

 

 

 Genus : Scytonema 

3.3. Screening of algae species for total lipid content 

A preliminary screening of the isolated algal species was carried out to select the algal 

species with higher lipid content (> 10% DCW).  The lipid content was determined 

from laboratory grown cultures. Since P. cleveana, C. crystallina and R. fontinale 

were not successfully cultured in the laboratory, lipid content was measured from 

their natural samples. The total lipid contents in terms of per cent dried biomass for 

ten filamentous microalgae are given in Figure 3.1. The lipid content in various 

species ranges from 6-15% DCW. The highest lipid content was seen in Z. heydrichii 

(14.8 ± 0.10% DCW), followed by S. variable (12.6 ± 0.38% DCW) and N. 

muscorum (12.4 ± 0.23% DCW).   



 

 

 

 

Table 3.1 Filamentous algae species collected and isolated from various sites   

Algae species Collection Site Habitat and occurrence Culture 
medium  

Cultivation 
temperature 

(± 2.0 °C) 

pH of 
medium 

Nostoc muscorum  Tuirial Perennial river; algal mat on soil surface Chu-10 25°C 7.5 

Scytonema stuposum Tuirial Thallus attached to moist soil surface as a mat Chu-10 25°C 7.5 

Spirogyra reticulata Bawngkawn Miniature pond;  free-floating filaments on 
surface 

D-11 25°C 7.5 

Zygnema heydrichii  Bawngkawn Man-made water reservoir; thallus free-floating 
on the water surface 

Chu-10 25°C 7.5 

Stigeoclonium variable  Bawngkawn Miniature pond; thallus attached to rock on the 
edge of water body  

Chu-10 25°C 7.5 

Rhizoclonium fontinale Saron Veng Spring; thallus attached to moist soil surface - - - 

Klebsormidium flaccidum Bawngkawn Miniature pond; filaments attached to the water 
bottom  

BBM 25°C 7.5 

Cladophora crystallina Tuirial Perennial river; filaments attached to plant 
debris or flowing with water current 

- - - 

 Pithophora cleveana Chaltlang Spring; attached to moist rock - - - 

Oedogonium sp. Tam Dil Small pond; algal growth on  twig Chu-10 25°C 7.5 



 

 

 

 

  



 

 

 

 

 Based on the relative contents of total lipids determined in preliminary 

screening, three species namely Z. heydrichii, S. variable and N. muscorum were 

selected ffurther investigation in the present study. The above three species showed 

lipid content above 10% DCW. 

3.4. Growth patterns and specific growth rates of Z. heydrichii, S. 

variable and N. muscorum  

The growth patterns of Z. heydrichii, S. variable and N. muscorum determined under 

culture conditions described in Chapter 2 (section 2.2) are shown in Figure 3.2. 

Growth of the three species was determined for 20 days. Z. heydrichii remained in lag 

phase of growth during the first 8 days and afterward showed logarithmic growth till 

the 18th day and then growth declined. Compared to Z. heydrichii, S. variable and N. 

muscorum showed shorter lag phase. S. variable and N. muscorum remained in 

exponential growth phase till the end of experiment. 

 Specific growth rates of the above three species under the same conditions are 

given in Table 3.2. Among the three species, the cyanobacterium N. muscorum 

showed the highest specific growth rate followed by Z. heydrichii and S. variable.  

Table 3.2 Specific growth rates (µ day-1) of Z. heydrichii, S. variable and N.muscorum 
grown in Chu-10 liquid media. Different superscript letters indicate significant 
difference (P<0.01) among the three species as revealed from Duncan’s multiple 
range test (F = 17.454). 

Algae  Specific growth rate (µ day-1) 

Z. heydrichii 0.310 ± 0.0108 a 

S. variable 0.240 ± 0.001 b 

N. muscorum 0.451 ± 0.0460 c 



 

 

 

 

 

 



 

 

 

 

3.5. Chlorophyll contents  

Total chlorophyll estimation was done for Z. heydrichii and S. variable and 

chlorophyll a was determined in N. muscorum. The chlorophyll contents in the three 

species determined during the growth experiment are given in Figure 3.3. Z. 

heydrichii showed maximum chlorophyll content of 2.537 mg l-1 on the 18th day and 

then showed a slight decline. S. variable showed total chlorophyll contents increasing 

with incubation time.  Similarly, N. muscorum also showed increased chlorophyll a 

content with incubation period.  

3.6. Protein contents of the algae cultures 

The protein content of Z. heydrichii, S. variable and N. muscorum determined after 4 

days of growth in medium is given in Figure 3.4. The protein contents were found to 

be 9.51, 8.96 and 6.05 mg l-1 in Z. heydrichii, S. variable and N. muscorum, 

respectively.        

3.7. Fatty acid composition 

The GC chromatograms of Z. heydrichii, S. variable and N. muscorum are shown in 

Plates IX, X and XI, respectively. Each sample was tested three times and the best 

chromatography result was selected. The relative percentages of fatty acids present in 

the test algae are given in Figure 3.5. The most abundant fatty acid found in the three 

species is palmitic acid (C16:0) representing 30% of total fatty acids in Z. heydrichii, 

26% in S. variable and 31% in N. muscorum. Among the three tested algae, S. 

variable showed highest content of linolenic acid (C18:3) followed by N. muscorum 

and Z. heydrichii. Oleic acid (C18:1) content was similar in Z. heydrichii and S.  



 

 

 

 
 



 

 

 

 

  



 

 

 

 

variable, and was lowest in N. muscorum. Linoleic acid (C18:2) content was highest 
in Z. heydrichii followed by N. muscorum and S. variable. 

 A comparative account of the different classes of fatty acids found in the test 

algae, based on the FAME profiles, is shown in Table 3.3. The cyanobacterium N. 

muscorum showed the highest content of monounsaturated fatty acids (MUFAs) 

accounting for 28.1%, compared to 15.1% and 17.1% in S. variable and Z. heydrichii, 

respectively. A considerable amount of PUFAs (C16:2, C18:2 and C18:3) was found 

in all of the three species, representing 27.4% of total fatty acids in Z. heydrichii, 

34.0% in S. variable and 25.4% in N. muscorum. While N. muscorum showed 20.1% 

of the MUFA palmitoleic acid (C16:1). The proportions of C18 and C16 fatty acids 

differed in all the three species displaying no particular pattern in the green and blue-

green algae species. The ratio of unsaturated C18 fatty acids to unsaturated C16 fatty 

acids was highly variable among the three test algae (4.76 in Z. heydrichii, 12.75 in S. 

variable and 1.66 in N. muscorum). 

Table 3.3 A comparative fatty acid profiles of Z. heydrichii, S. variable and N. 
muscorum. [SFA: Saturated fatty acids, MUFA: Monounsaturated fatty acids, PUFA: 
Polyunsaturated fatty acids, HC & UI: Hydrocarbons and Unidentified].   

 % 
SFA 

% 
MUFA 

% 
PUFA 

% HC 
& UI 

% 
C16s 

% 
C18s 

%Uns
aturat
ed 
C16s 

%Unsa
turated 
C18s 

Z. heydrichii 38.8 17.1 24.9 16.7 38.0 38.9 7.7 36.7 

S. variable 35.1 15.1 33.5 15.8 29.2 45.2 3.7 47.2 

N.muscorum 34.9 28.1 25.4 11.5 51.1 34.5 20.1 33.4 



 

 

 

Plate IX 
Fatty acid analysis of Z. heydrichii grown in Chu-10 medium. The fatty acids 
were separated and analyzed by gas chromatography using FID detector. 

 

 

 

 

 

 

 

 

 



 

 

  

Plate X 
Fatty acid analysis of S. variable grown in Chu-10 medium. The fatty acids 
were separated and analyzed by gas chromatography using FID detector.  



 

 

 

Plate XI 
Fatty acid analysis of N. muscorum grown in Chu-10 medium. The fatty acids 
were separated and analyzed by gas chromatography using FID detector.  



 

 

  



 

 

3.8. Effects of N and P-depletion on growth, total chlorophyll and 

lipid contents in Z. heydrichii 

Z. heydrichii, S. variable and N. muscorum were grown photo-autotrophically in 

culture medium deprived of the nitrogen source (KNO3) in one set of experiment and 

of the phosphorus source (K2HPO4) in another.  

 Figure 3.6A shows the effect of nutrient (N, P-depletion) on the growth of Z. 

heydrichii. The lag phase is followed by initiation of the exponential phase which 

continued till up to the 18th day after which growth was seen to decline under all the 

three conditions. Nutrient depletion during the first 8 days showed no effect on 

growth of Z. heydrichii; afterward the growth was severely inhibited due to nutrient 

depletion. N-depletion caused higher growth inhibition compared to P-depletion. The 

total chlorophyll content also decreased from 2.20± 0.046 mg l-1 to 1.37± 0.022 mg l-1 

under P-depletion, and 0.626 ± 0.004 mg l-1 under N-depletion (Figure 3.6B). 

 Cultures grown under +N+P (nutrient replete) conditions showed a specific 

growth rate of 0.310 ± 0.011 day-1 (Figure 3.7A). Z. heydrichii grown under N- and P-

depleted medium showed specific  growth rate (µ day-1) of 0.098 ± 0.006 and 0.204 ± 

0.024, respectively. Results showed that in comparison to P-depletion, N-depletion of 

growth medium has stronger inhibitory effect on growth of Z. heydrichii. 

 The total lipid content of Z. heydrichii under control (+N+P) conditions was 

found to be 14.75 ± 0.10% DCW (Figure 3.7B). The total lipid content in cultures 

grown in P-depleted medium was 15% DCW which is not a statistically significant  

  



 

 

 

  



 

 

 

  



 

 

difference compared to control. However, the alga showed a significantly higher lipid 

accumulation (21.45 ± 0.26% DCW) under N-depletion. 

3.9. Effects of N- and P-depletion on growth, total chlorophyll 

and lipid contents in S. variable 

The growth of S. variable in the absence of nitrogen (-N) and phosphorus (-P), 

compared with the growth pattern in the presence of nitrogen and phosphorus sources 

(+N+P) for a period of 17 days are shown in Figure 3.8A. The lag phase is 

characterized by a decline in the growth on the 3rd day after which the exponential 

phase commenced and continued till the end of experiment. Under P-depletion, initial 

growth rate was higher than the control but subsequently declined. The growth 

decreased under N-depletion. The alga grown under N- and P-depletion showed 

decreased chlorophyll content (Figure 3.8B). However, during the initial phase, P-

depletion stimulated chlorophyll content over the control. The specific growth rates (µ 

day-1) calculated for the three conditions are given in Figure 3.8C. While P-depletion 

has no significant effect, the N-depletion caused 37% decrease in chlorophyll content. 

 In S. variable, lipid content was found to be enhanced by both N- and P- 

depletions (Figure 3.9). The lipid content was found to be 12.58 ± 0.38% DCW under 

control conditions (+N+P). When cultures were subjected to nitrogen and phosphorus 

depletion for a period of 7 days, the total lipid content increased 2.08- and 1.45-folds, 

respectively. Results suggested that N-depletion is more effective in triggering of lipid 

in S. variable. 

 



 

 



 

 

 

   



 

 

3.10. Effects of N- and P-depletion on growth, chlorophyll a and 

lipid contents in N. muscorum 

The effect of depletion of N and P on the growth of N. muscorum (Figure 3.10A) was 

studied. and it was found that inhibition in growth caused by N and P-depletion of 

medium was insignificant.  When the same cultures were examined for chlorophyll a 

content, our results showed that presence of nitrogen and phosphorus in the medium 

(control) resulted in a relatively higher chlorophyll a content. As calculated on the 

17th day, chlorophyll a content in control was 2.82 ± 0.0225 mg l-1 (Figure 3.10B). N 

and P depletion in the medium decreased chlorophyll a content by 26 and 53%, 

respectively. The specific growth rates (µ day-1) calculated at the onset of the 

exponential phase showed a growth rate of 0.451 ± 0.046 day-1 under +N+P 

condition. The effect of N and P-depletion on specific growth rate is shown in Figure 

3.10C.  

 Further investigation was done to test whether the source of nitrogen had any 

impact on the growth of N. muscorum (Figure 3.11A). Results showed that N. 

muscorum preferred nitrate as the N source, where as growth was inhibited when urea 

or NH4Cl were used as N source (Figure 3.11B).   

  N. muscorum showed a decreased lipid content when grown in N-depleted 

medium (Figure 3.12A). However, P-depletion alone has no effect on lipid content in 

N. muscorum. When both nitrogen and phosphorus were present, maximum lipid 

content was observed (12.38 ± 0.23% DCW). 

  



 

 

 



 

 

   



 

 

 

 

  



 

 

 To further examine the effect of nitrogen concentration on the lipid 

accumulation in N. muscorum, the cultures were incubated in Chu-10 medium 

containing different concentrations of KNO3 (0.02 – 0.08 g l-1) for a period of 4 days. 

It was observed that the lipid content increased with increasing KNO3 concentrations, 

but this increase was only up to a certain limit after which a decrease in lipid content 

was observed (Figure 3.12B). 

3.11. Effect of nutrient depletion in medium on lipid profile of 

algae  

Nutrient availability has a significant impact on growth of microalgae and broad 

effects on their lipid composition. Separation and quantification of lipid classes 

(TAG, DAG, MAG and PL) in the test organisms was done using thin layer 

chromatography (TLC). Plate XII shows changes in lipid profile of N. muscorum and 

Z. heydrichii due to nutrient depletion. Plates XIII and XIV show the quantitative 

changes in lipid composition of N. muscorum and Z. heydrichii, respectively. The 

quantitative changes in lipid composition of the two algae under nitrogen and 

phosphorus depletion are further summarized in Tables 3.4 and 3.5. Plate XV shows 

changes in lipid profile of S. variable under the different nutrient regimes. 

 Under nutrient replete condition, the amount of TAG accumulated was highest 

in S. variable followed by N. muscorum and Z. heydrichii. When both N and P were 

not added to the growth medium, S. variable showed the highest level of TAG 

compared to the other two test algae. Results showed that P-depletion triggers the 

TAG content in N. muscorum; however, N-depletion has no significant effect on TAG  



 

   



 

 

 

  



 

 

 

   



 

 

 

  



 

 

accumulation. N- and P-depletion, however, stimulated the HC also. Significant 

increase in DAG was observed under the N- and P-depletion.  

  In Z. heydrichii N-depletion alone increased the TAG level by 63-folds, 

suggesting that N-depletion can be used to enhance the TAG content in Z. heydrichii. 

However, P-depletion also significantly increased the TAG content. The N- and P-

depletion has no significant effect on TAG content in S. variable. N-depletion alone 

decreased the TAG content in S. variable. 

Table  3.4.  Effect of nutrient depletion on lipid profile of N. muscorum  

Treatment  HC CE TAG FFA 1,3-
DAG 

Chol. 1,2-
DAG 

MAG 

+N+P RF 0.094 0.228 0.507 - - - 0.963 0.992 

 µg g-1 5.05 0.38 1.47 - - - 0.91 0.33 

-N-P RF 0.061 - 0.521 - 0.899 0.937 0.969 0.994 

µg g-1 15.67 - 3.33 - 0.83 0.67 3.17 1.00 

-N+P RF 0.100 0.249 0.525 - - - 0.974 1.001 

µg g-1 5.16 0.53 1.42 - - - 0.74 0.42 

+N-P RF 0.091 0.248 0.523 - - - 0.976 1.001 

µg g-1 12.78 0.97 3.19 - - - 3.06 0.70 

 

Table  3.5.  Effect of nutrient depletion on lipid profile of Z. heydrichii 

Treatment  HC CE TAG FFA 1,3-
DAG 

Chol. 1,2-
DAG 

MAG 

+N+P RF 0.056 0.249 0.530 - - - 0.978 - 

 µg g-1 5.88 1.25 0.63 - - - 1.00 - 

-N-P RF 0.066 0.244 0.534 - 0.843 0.913 0.980 - 

µg g-1 12.89 1.15 5.96 - 1.35 1.35 2.89 - 



 

 

 

Table  3.6  Effect of nutrient depletion on lipid profile of S. variable. 

Treat
ment 

 HC CE TAG FFA 1,3-
DAG 

Chol. 1,2-
DAG 

+N+P RF - 0.065 0.410 0.497 0.554 0.755 - - 0.945 

µg g-1 - 1.30 13.91 19.57 7.39 12.61 - - 3.48 

-N+P RF 0.028 0.059 0.431 0.514 - 0.748 0.877 0.926 - 

µg g-1 193.3 61.11 83.33 76.66 - 4.44 3.33 14.44 - 

+N-P RF 0.034 0.061 0.468 0.523 - - 0.884 0.934 - 

µg g-1 21.25 1.25 8.75 3.75 - - 2.50 3.13 - 

-N-P RF 0.041 0.061 0.362 0.421 0.709 0.806 0.877 0.936 - 

µg g-1 50.00 2.22 14.44 5.56 18.89 6.67 5.56 24.44 - 

 

3.12. Effect of pH on lipid contents  

The lipid content was sensitive to initial pH of the medium for all the three species. 

During 2 days of growth, highest lipid level in all the tested algae was found when pH 

of medium was 7.5 which was taken as control pH (Figure 3.13). Compared to S. 

variable, Z. heydrichii was more sensitive towards the change in pH of the external 

medium. The lipid content of Z. heydrichii was greatly decreased when medium pH 

was above 7.5. N. muscorum showed a slightly lower lipid yield at pH 6.5 and 8.5 

compared to 7.5, and Z. heydrichii also showed a slight reduction at a lower pH of 

6.5.  

-N+P RF 0.053 0.251 0.528 0.812 - 0.933 0.977 - 

µg g-1 45.00 15.00 40.00 8.75 - 7.50 10.00 - 

+N-P RF 0.057 0.309 0.519 0.791 0.872 - - - 

µg g-1 7.67 4.50 4.17 0.83 0.83 - - - 



 

 

 

  



 

 

3.13. Effect of NaCl on growth, lipid contents and lipid 

peroxidation 

The three test algae responded differently in terms of growth with increasing 

concentrations of NaCl (Figure 3.14).  The effect of NaCl on specific growth rates is 

shown in Figure 3.15A. 0 mM NaCl was taken as control. Among the three algae, Z. 

heydrichii was most sensitive to NaCl. 50% inhibition in specific growth rate of Z. 

heydrichii was found at 40 mM NaCl. S. variable showed the highest tolerance to 

salinity compared to the others. In fact, lower concentrations of NaCl in the medium 

stimulated the specific growth rate of S. variable. N. muscorum also showed a higher 

degree of tolerance to NaCl (Figure 3.15A) as shown by no significant effect of NaCl 

on its specific growth rate. The NaCl at tested concentrations in this study did not 

increase lipid peroxidation in all the three test algae (Figure 3.15B). 

 The effect on NaCl on lipid content of three test algae was also studied and 

results are shown in Figure 3.16. The 10 mM NaCl in medium decreased the lipid 

content of Z. heydrichii by 38%. However, the lipid content in S. variable and N. 

muscorum was not altered at 40 mM NaCl in medium.  

3.14. Effects of heavy metals (Zn2+ and Cu2+) on growth, lipid 

contents and lipid peroxidation 

Figures 3.17, 3.19 and 3.21 show the short-term effects of Zn2+ and Cu2+ on growth 

pattern of Z. heydrichii, S. variable and N. muscorum.  Cu2+ was more toxic compared 

to Zn2+ for all the tested algae. The effect of Zn2+ and Cu2+ on specific growth rate of 

Z. heydrichii is shown in Figure 3.18A. Presence of 2.5 µM of Zn2+ in the medium  



 

 



 

 

 

   



 

 

 

  



 

 

apparently had no negative impact on growth of the Z. heydrichii. But subsequent 

increase in concentration resulted in a progressive decline in the growth rate and even 

at 40 µM Zn2+, growth was 82%. Cu2+ strongly inhibited the specific growth of Z. 

heydrichii. The LC50 for Cu2+ was 1.0 µM. Z. heydrichii showed decrease in total lipid 

content after treatment with test metals (Figure 3.18B). Both Zn2+ and Cu2+ increased 

the lipid peroxidation in the alga showing oxidative stress. MDA level was higher in 

Cu-treated culture compared to Zn-treated culture (Figure 3.18C).  

 The growth of S. variable and N. muscorum was inhibited due to Zn2+ and 

Cu2+ treatments (Figure 3.19 and Figure 3.21). The Cu2+ treated algae showed higher 

inhibition in growth compared to Zn treated. The 1.5 µM Cu2+ caused >50% 

inhibition in specific growth rate of S. variable (Figure 3.20).  However, at 1.5 µM 

Cu2+, the specific growth of N. muscorum was 100% inhibited (Figure 3.22).  

 S. variable and N. muscorum showed decreased total lipid content after 

treatment with Cu2+ and Zn2+ (Figure 3.20 and Figure 3.22, respectively). Cu2+ and 

Zn2+ increased the MDA level in both S. variable and N. muscorum (Figure 3.20 and 

Figure 3.22, respectively).  

3.15. Semicontinuous outdoor cultivation of Z. heydrichii and S. 

variable - biomass and lipid production 

 Z. heydrichii and S. variable were grown in semicontinuous outdoor culture 

mode for scaling up biomass production, according to the culture set-up described in 

Chapter 2 and shown in Plate XVI. The growth of the above two species was  

  



 

 

 

  



 

 

 

  



 

 

 

  



 

 

 

   



 

 

 

  



 

 

 

   



 

 

determined for a period of 30 days. The biomass productivity, lipid accumulation and 

lipid productivity of the test algae were determined as described in Chapter 2.  

 During this 30-day period, growth of other algae in the reactor was not 

encountered. Starting from day 10, on every 4th day, 2 l medium along with biomass 

was removed and similar volume of fresh sterilized medium was added.  

 Figures 3.23 and 3.24 show the growth pattern of Z. heydrichii and S. variable, 

respectively, in outdoor semi-continuous mode. The results of semicontinuous culture 

of Z. heydrichii and S. variable are given in Tables 3.7 and 3.8. It was found that 

growth remained almost unchanged up to 30 days.   

Table 3.7 Biomass productivity, lipid content and lipid productivity of Z. heydrichii 
cultivated in 20-l plastic container for 30 days in semi-continuous culture set-up under 
outdoor conditions. The growth medium was prepared using filtered and UV-
sterilized river water. The initial pH was adjusted to 7.5.  

Harvesting Volume of 
culture 
removed(l) 

Biomass 
harvested    
(g l-1 
DCW) 

Total 
Biomass 
harvested 

(g DCW) 

Total 
lipid 
obtained 
during 
30 days 

(g 
DCW) 

% lipid 
content 

(% 
DCW) 

Lipid 
productivity 

(g l-1 day-1) 

Biomass 
productivity 
(g day-1) 

10th day 2 0.421 0.842 

1.158 18.40 

 

0.038 

(30 days) 

 

14th day 2 0.302 1.446  

18th day 2 0.300 2.046 0.208 

22nd day 2 0.310 2.666  

26th day 2 0.294 3.254  

30th day 10 0.304 6.294  

 

 In case of Z. heydrichii, a total of biomass equivalent to 6.294 g DCW was 

harvested. At the same time, 5.184 g DCW was harvested for S. variable.  Total lipid  



 

 

   



 

 

 

  



 

 

 

  



 

 

yield in the semicontinuous culture was 1.158 g (18.40% DCW) for Z. heydrichii, and 

0.795 g (15.35% DCW) for S. variable. The lipid productivity determined for the 

experimental set-up was 0.038 g l-1day-1 for Z. heydrichii and 0.026 g l-1day-1 for S. 

variable. The biomass productivity was 0.208 g day-1 for Z. heydrichii, and 0.17 g 

day-1 for S. variable (Table 3.7; Table 3.8).  

Table 3.8 Biomass productivity, lipid content and lipid productivity of S. variable 
cultivated in 20-l plastic container for 30 days in semicontinuous culture set-up under 
outdoor conditions.  

Harvesting Volume 
removed 
(l) 

Biomass 
harvested    
(g l-1 
DCW) 

Total 
biomass 
harvested 

(g DCW) 

Total 
lipid 
obtained 
during 30 
days 

(g DCW) 

% lipid 
content 

(% 
DCW) 

Lipid 
productivity 

(g l-1 day-1) 

Biomass 
Productivity 
(g day-1) 

10th day 2 0.324 0.648 

0.795 15.35 0.026 0.17 

14th day 2 0.251 1.150 

18th day 2 0.245 1.640 

22nd day 2 0.236 2.112 

26th day 2 0.241 2.594 

30th day 10 0.259 5.184 

 

3.16. Biodiesel production from algal oil 

 Biodiesel was produced from lipid extracted from Z. heydrichii by the 

transesterification process described in Chapter 2. The photographs of the process 

including biomass drying, oil extraction, evaporation of solvent, transesterification 

and biodiesel formed are shown on Plate XVII.  

The characteristics of biodiesel obtained from Z. heydrichii are given in Table 3.9. 

The pH of the biodiesel obtained was 6.66 after washing with hot water (approx.  



 

 

  



 

 

50°C) for 6-7 times. Density of the biodiesel was found to be 0.88 kg l-1 at room 

temperature. The oil to biodiesel conversion ratio was found to be 62.16% in this 

study.  

Table 3.9 Characteristics of biodiesel obtained from algal oil. 

Parameters Biodiesel from Z. heydrichii oil 

pH 6.66 

Density (kg l-1) 0.88 

Per cent conversion (oil to biodiesel) 62.16 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 4 

 

 

DISCUSSION 

 

With our increasing population and expanding economy, there will be increased fossil 

fuel use. Petroleum, which is partially derived from ancient algae deposits, is a limited 

resource that will eventually run out or become too expensive to recover. In addition, 

increasing atmospheric CO2 concentration is leading to significant greenhouse gas-

mediated climate change which now seems likely to affect all parts of the world. 

Algae biofuels may provide a viable alternative to fossil fuels; however, there are 

several challenges that have to be overcome. The identification and characterization 

of high oil yielding algal strains is vital in the development of algal biodiesel. In this 

context, the present study aims to isolate and characterize filamentous green 

microalgae and cyanobacteria that may be used as potential source of algal oil 

feedstock.  

 Microalgae are a diverse group of single-celled organisms that grow in a wide 

range of aquatic environments, from freshwater through saturated saline. Algae 

efficiently use CO2, and are responsible for more than 40% of the global carbon 

fixation. All algae are able to produce oil, and a number of algae are known to 

accumulate higher amount of oil naturally. In context to source of biofuel, microalgae 



 

 

have several advantages over traditional oil crops. Algae can be grown on a land that 

would not be used for traditional agriculture, and in the process of culturing of algae, 

wastewaters can be remediated. In order to make algal biodiesel program a reality, it 

is important to identify potential algal species with improved growth characteristics, 

improved lipid productivity or natural co-product.  

 The present study aims in screening of filamentous algal species for their 

growth rate, lipid content, and resistance to abiotic stresses including nutrient 

depletion, salt stress and heavy metal stress. A total of eight filamentous green algae 

and two filamentous cyanobacteria were screened for their lipid content. It may be 

worthwhile to mention here that cyanobacteria are not the algae, but are a class of 

oxygenic photosynthetic bacteria. In the present study, we have used the term ‘algae’ 

as a synthetic assemblage including cyanobacteria as well.  

 One of the primary key factors to be considered for algae biodiesel program is 

oil content of the algal species. This factor was firstly considered in this study, and the 

basic screening of collected algae and cyanobacteria was performed to determine their 

lipid content values. The lipid content range was found to be from 6-14.75% DCW for 

the ten filamentous algae species isolated. Total lipid contents (% of dried biomass 

weight) of other filamentous green algae as reported by other studies ranges from 1-

14.0% (Sharif Hossain et al., 2008; Kumar et al., 2011; Sawarkar and Nandkar, 2013). 

Table 4.1 gives the lipid content of some algae and seed-oil content of some 

oleaginous crops.  

 The lipid extraction method proposed by Bligh and Dyer (1959) is the most 

widely used lipid extraction procedure and was used in this study. The three species, 



 

 

Zygnema heydrichii, Stigeoclonium variable and Nostoc muscorum, selected for in-

depth analysis in this study, were the species showing the highest lipid percentages, 

based on the results obtained from the primary screening. 

Table 4.1 Lipid content of different algae and seed-oil content of some oleaginous 
plants. 

Species Lipid content Reference 

Botryococcus braunii KMITL 2 54.69±3.13 wt.% Ruangsomboon, 2012 

Nannochloropsis oculata 44.5±2.2% w/w Su et al., 2011 

Chlorella sorokiniana 45 wt% Wan et al., 2011 

Chlorella minutissima 23.2% w/w Oh et al., 2010 

Chlorella vulgaris 21 wt% Liang et al., 2009 

Porphyridium cruentum 19.3 wt% Oh et al., 2009 

Haematococcus Pluvialis 34.85% DW Damiani et al., 2010 

Zygnema heydrichii 14.0-21% DW Present study 

Stigeoclonium variable 12-26% DW Present study 

Nostoc muscorum 12% DW Present study 

Jatropha curcas 28-48 wt.% 

 

Sudhakar et al., (2012) 

Pongamia pinnata 

 

30-40 wt.% Karmee and Chadha (2005) 

Nicotiana tabacum (tobacco) 

 

36-41 wt.% 

 

Usta (2005) 

 

Carthamus tinctorius (safflower) 

 

35-45 wt.% 

 

Rashid and Anwar (2008b) 

Brassica napus 
(rapeseed/canola) 

40 wt.% 

 

Qian et al., (2013) 

 



 

 

Glycine max (soybean) 

 

20 wt.% 

 

Bender (1999) 

 

Helianthus annus (sunflower) 40 wt.% 

 

Bender (1999) 

 

 

  Cell disruption method significantly affects the lipid yield of algae. We used 

sonication for disruption of cells. A study by Prabakaran and Ravindran (2011) 

compared five different cell disruption methods using autoclaving, bead beating, 

microwaving, sonication and osmotic shock, and concluded that sonication gives 

better lipid yield compared to other methods. However, Lee et al. (1998) found bead-

beater extraction as superior over direct solvent extraction, sonication, 

homogenization, French press and lyophilization in Botryococcus braunii. 

 Among the test species, highest specific growth rate was shown by the 

cyanobacteria N. muscorum. The filamentous green algal species generally show a 

comparatively lower growth rate than the unicellular species. A review by Griffiths 

and Harrison (2009) reported an average specific growth rate of 0.69 day-1 for 13 

green algae species which were mostly unicellular. They also reported an average 

specific growth rate of 0.96 day-1 for 5 species of cyanobacteria. Growth rates of algae 

may also be dependent on culture environment, nutrient availability, temperature, 

light intensity, culture volume and initial biomass density which may result in 

variations even within a single species. In addition, growth rates have also been 

observed to differ among various taxa within the algal group (Griffiths and Harrison, 

2009). 



 

 

 For the green algae Z. heydrichii and S. variable, the total chlorophyll contents 

increased along with the increase in culture OD until a point is reached where the 

available nitrogen in the culture is apparently starting to decrease, which is shown by 

a decrease in both culture OD and cell chlorophyll content. For the cyanobacteria N. 

muscorum, no decrease in the chlorophyll content was seen during the culture period. 

Since N. muscorum is a heterocystic species capable of nitrogen fixation, subsequent 

decline in culture growth which can occur mainly due to nitrate depletion in the 

medium, was not seen during the culture period of 20 days. As a result of this, the cell 

chlorophyll content also did not exhibit a decrease.   

 There is relatively very little available information regarding the fatty acid 

composition of Zygnema sp. Ghazala et al. (2003) reported the presence of 9 different 

fatty acids in Zygnema stellinum which are mostly SFAs and MUFAs. The most 

abundant was C14:1(40.58% of total fatty acids) followed by C16:0 (16.95% of total 

fatty acids). The present analysis revealed that for Z. heydrichii, the saturated C16:0 is 

the most abundant followed by C18:3 with 12.8%, C18:2 with 12.1% and C18:1 with 

11.8%. In contrast to these, C18:1 was only 1.226% of total fatty acids and C18:2 and 

C18:3 were not identified for Zygnema stellinum (Ghazala et al., 2003). Orhan et al. 

(2003) also reported the presence of 31.05 % C16:0 and 53.44% C18:1 for Zygnema 

pectinatum, and they did not detect the presence of other unsaturated fatty acids. 

These differences reflect that a great deal of variations is present within the genus 

Zygnema in terms of fatty acid composition. These variations may be due to abiotic 

influences in natural habitats as well as culture environments under laboratory 

conditions. 



 

 

 A strain of Stigeoclonium reported by Praveenkumar et al. (2012) also had a 

highest C16:0 content (37.1% total fatty acids), followed by C18:1(30.2%) and 

C18:0(21.1%). Kim et al. (2015) also reported a high C18:1(26.2%) and 

C16:0(18.0%) content for another strain of Stigeoclonium.  Similar to the above 

findings, the strain investigated in this study also has highest level of C16:0 followed 

by C18:3(22.7%) and C18:1(12.7%). The unsaturated C18s were found to be most 

abundant in this species with 47.2% of the total fatty acids. 

 It is reported that Nostoc has a substantial amount of PUFAs, higher than 

coccoid cyanobacteria, but lower than eukaryotic algae (Liu et al., 2005). However, 

the Nostoc strain isolated in this study contained a comparable amount of PUFAs with 

the other two green algae. The amount of MUFAs and PUFAs were 28.1% and 25.4% 

of total fatty acids respectively. Liu et al. (2005) also reported mean values of 38.45% 

and 34.05% MUFAs and PUFAs for two strains of Nostoc flagelliforme grown in the 

laboratory at 25°C. Changes in the fatty acid profiles of the genus Nostoc is reported 

to usually occur under temperature shifts (Liu et al., 2005).  

 The relative amount of saturated and unsaturated fatty acids in biomass is of 

key importance for production of biodiesel. According to Sukenik and Wahnon 

(1991), palmitic acid (C16:0) and oleic acid (C18:1) are mostly associated with TAGs 

which are required in biodiesel formation. A previous report showed that the major 

SFA in most green algae is palmitic acid (C16:0), and palmitoleic acid (C16:1) is 

usually the dominant monoene (Harwood and Guschina, 2009). The FAME profiles 

reported here support the eligibility of Z. heydrichii and S.variable oil as biodiesel 

feedstock due to abundance of C16:0 and C18s.  



 

 

According to Moser (2009), oxidative stability and low-temperature operability of 

biodiesel are inversely related. Superior oxidative stability may result from feedstock 

relatively high in SFA content or relatively low in PUFA content. The present strains 

of Z. heydrichii and S. variable have 38.8% and 35.1% SFA, respectively, which will 

aid in increased oxidative stability. At the same time, there were 24.9% PUFA content 

in Z. heydrichii and 33.5% in S. variable. As the methyl esters of C18:1, C18:2 and 

C18:3 have melting points of -20°C, -35°C and -52°C respectively, their low-

temperature operability in diesel engines will be enhanced. Further to this, we 

detected the presence of 36.7% and 47.2% unsaturated C18s in Z. heydrichii and S. 

variable respectively which will result in a decrease in kinematic viscosity, as 

increasing the degree of unsaturation results in a decrease in kinematic viscosity of 

biodiesel (Moser, 2009). A thorough examination of the FAME profile of the N. 

muscorum under study also reveals its potential to be a biodiesel source. 

 Maximum growth inhibition of the green algae was observed under nitrogen 

depletion followed by phosphorus depletion indicating that growth was a direct 

function of the availability of external available nitrogen and phosphorus sources in 

the medium, with nitrogen having a major impact on the survival of the algae culture. 

Phosphorus in the form of phosphate is required for several cellular metabolic 

processes and is one of the essential components for biomass production. In this 

study, depletion of phosphorus in Z. heydrichii resulted in a 1.5-fold decrease in the 

specific growth rate. Similarly, nitrogen depletion led to 3-fold decrease in specific 

growth rate of Z. heydrichii. Under N-depletion, the cells appeared relatively 

yellowish in colour due to decreased chlorophyll content as culture time increased. 

Initially, the cells may utilize the stored nitrogen in organic compounds for various 



 

 

cellular activities but as the culture proceeds, the available nitrogen is quickly used up 

inhibiting photosynthesis and cell growth. Since chlorophyll is a nitrogen-rich 

compound that contains four nitrogen atoms in each molecule, it is hypothesized that, 

when the nitrogen in medium is depleted, cells start to utilize the intracellular nitrogen 

pool to support the synthesis of cell material for further cell division. It seems that 

chlorophyll is one of the most easily accessible intracellular nitrogen pools, and cells 

start to utilize them when the external nitrogen pool is depleted (Li et al., 2008). Since 

chlorophyll is the essential component of the photosynthetic process of green algae, 

the cell growth and lipid accumulation would, therefore, be impeded if the chlorophyll 

content drops to below a critical level (Li et al., 2008). 

 Several studies have shown that P-depletion enhances the lipid content in 

algae, but in this study we did not find significant increase in lipid content of Z. 

heydrichii under P-depletion. In fact, Z. heydrichii showed a significantly higher lipid 

accumulation under nitrogen deficient condition. The above result is consistent with 

other reports (Takagi et al., 2000; Xin et al., 2010). Nitrogen is the single most critical 

nutrient affecting lipid metabolism in algae (Sharma et al., 2012). Lipid accumulation 

in nitrogen-starved cultures is partially attributed to the fact that lipid synthesis 

continues at the expense of protein synthesis, which is decreased due to the low 

availability of nitrogen (Sukenik and Livne, 1991).   

 S. variable grown under phosphorus depletion shows an initial higher growth 

rate and then declined. The alga cultured under N-depletion also appeared relatively 

yellowish in colour as was observed for Z. heydrichii that may be attributed to 



 

 

decrease in chlorophyll content. A decrease in the chlorophyll content was also seen 

under P-depletion. 

 In S. variable, lipid accumulation was found to be enhanced by both nitrogen 

and phosphorus deficiencies. An interesting observation was the increase in lipid 

percent under P-depletion, which was not seen in the case of Z. heydrichii. This 

implies that the two freshwater algae species S. variable and Z. heydrichii may have 

different metabolic responses to P-depletion. 

 For N. muscorum, the absence of external nitrogen in the medium is 

compensated by fixation of nitrogen. A marked reduction in the chlorophyll a content 

was seen under P-depletion, which suggests that phosphorus plays a role in the 

accumulation of chlorophyll a in the algal biomass. A general assumption can be 

made that the presence or absence of phosphorus in the culture medium effects 

growth of the algal biomass resulting in a corresponding increase or decrease in the 

chlorophyll a content. We found negligible effect of N-depletion on chlorophyll a 

content in N. muscorum. It may be due to the intrinsic ability of Nostoc sp. to fix 

nitrogen. 

 N. muscorum showed lower lipid content under N-depletion when compared 

with control (+N+P). However, P-depletion increased lipid content by 2-folds. When 

both nitrogen and phosphorus were present in the medium, maximum lipid content 

was observed. Lipid content increased initially with increasing concentration of KNO3 

then declined at higher concentrations. 

 Biodiesel originates from triacylglycerols (TAGs) that are comprised of 

medium to long-chain fatty acids bound to glycerol; therefore, TAG fraction of total 



 

 

lipid was separated and quantified. All the three test organisms exhibited modulation 

in TAG level in response to nutrient depletion. It was found that Z. heydrichii grown 

in N-free medium showed the highest level of TAG compared to control and other 

treatments. Similar to our results, previous studies have also demonstrated higher 

level of TAG due to N-depletion of several microalgae (Ben-Amotz et al., 1985; Li et 

al., 2005; Rodolfi et al., 2009). Although we have not determined in this study, the N-

depletion may increase the level of fatty acid acyl-CoA and activity of enzyme 

diacylglycerol acyltransferase – DGAT (Takagi et al., 2000). Therefore, it is 

concluded that nitrogen depletion of cultures can be used as a trigger for lipid and 

TAG enhancement in Z. heydrichii.  

 Fluctuations of pH in the medium also have been found to alter the lipid 

amount and composition of microalgae (Sharma et al., 2012). In this study, lipid yield 

was maximum at pH 7.5 for all the three species. The observations made herein 

suggest that lipid metabolism is directly influenced by pH. There are previous reports 

showing an increased TAG content in Chlorella sp. in alkaline pH (Guckert and 

Cooksey, 1990). Gardner et al. (2011) have also reported that higher pH of the 

medium resulted in higher accumulation of TAGs in Scenedesmus sp. and 

Coelastrella sp.  The above studies were performed for long duration where as this 

experiment was conducted for a shorter period in the present study. 

 For algae based biodiesel program, it is of key importance that algal biomass 

production should not be restricted with fresh water. It is advantageous if algae can be 

grown in wastewater as well as in saline water. The growth responses of the three test 

organisms under the influence of saline conditions were examined. For Z. heydrichii, 



 

 

even at a higher dose of NaCl (40 mM), there was 50% growth. This suggests that Z. 

heydrichii examined in the present study can be grown in waters with higher salt 

concentrations. It was found that salt stress resulted in a slight decrease in the lipid 

accumulation. A similar trend was also observed in a Botryococcus braunii strain 

where increased salinity did not show a corresponding increase in lipid yield 

(Ruangsomboon, 2012). Similarly, for Nannochloropsis oculata, variation in salinity 

(0-70 g l-1) produced relatively minor variation in reserve lipid production (Su et al., 

2011).   

 The growth behavior of S. variable showed the highest tolerance to saline 

conditions compared to the other two species suggesting about its halophilic nature. 

The cyanobacterium N. muscorum was also found to exhibit a fair amount of 

tolerance to salinity in terms of growth. Further, we found that salt stress did not 

significantly affect the lipid content in N. muscorum. However, there are reports 

showing increase in total lipid content of some algae with increase in salinity (Ben-

Amotz et al., 1985; Hu, 2004). Some studies have shown a reduced photosynthetic 

rate and consequently reduced growth and biomass yield of algae at higher salinities 

(Hart et al., 1991; Vazquez-Duhalt and Arredondo-Vega, 1991).   

 Zn2+ and Cu2+ are heavy metals which are required in trace quantities for the 

growth of cells and for the normal functioning of enzyme systems within algae. Z. 

heydrichii showed a relatively higher tolerance to Zn2+ stress when compared with the 

other two species studied in the present investigation. This observation indicates the 

potential of Z. heydrichii to grow in domestic wastewater and agricultural run-off 

water containing low concentrations of Zn2+. Further, among the three tested algae, Z. 



 

 

heydrichii showed the highest tolerance to Cu2+ stress. It is concluded that the test 

organisms will not survive in water with trace amounts of Cu2+ and high 

concentrations of Zn2+.  

 The obtained results demonstrate the toxicity of excess Zn2+ and Cu2+ to the 

algal species. Copper is an essential redox-active transition metal, which acts as a 

structural element in regulatory proteins, and participates in electron transport in 

photosynthesis, mitochondrial respiration, oxidative stress responses, cell wall 

metabolism and hormone signaling (Moreno, 2003; Srivastava et al., 2006). Zinc is 

essential for the stability of cell membranes and in the activation of over 300 enzymes 

in the metabolism of proteins and nucleic acids (Cakmak and Marschner, 1988). 

Algae are reported to be particularly sensitive to metals due to their high surface-to-

volume ratio and the variety of membrane metal-ion binding sites, which differ in 

both affinity and specificity (Megharaj et al., 2003).  

 There may be various levels of physiological and biochemical alterations 

when the organisms are exposed to different concentrations of heavy metals. Cellular 

metabolic activities such as photosynthesis, respiration, cell division, ATP production 

and pigment synthesis are reported to have been negatively affected by zinc and 

copper (Cid et al., 1996; Stauber and Florence, 1987; De Filippis et al., 1981; Stauber 

and Florence, 1990). Differences in the response of three algal species toward the 

metal stress observed in the present study is in accordance with Johnson et al. (2007) 

who noted that algal responses to metals depend on the metal uptake rate and 

detoxification pathways of the particular species. All the three species in this study 

exhibited higher sensitivity to Cu2+ than Zn2+. This higher sensitivity was also 



 

 

reported for the freshwater green alga Chlorella sp. and the marine diatom Nitzchia 

closterium (Johnson et al., 2007). 

 A reduction in the total lipid contents in all three tested algae under copper and 

zinc stress was observed. In contrast to our findings, total lipid content was found to 

be markedly increased for Euglena gracilis (Einicker-Lamas et al., 2002), where 0.22 

mM copper led to a 2-fold increase and 0.88 mM Zn2+ led to a 2.6-fold increase in the 

lipids. They also found higher protein content in both the cases and concluded that 

cell division may be impaired in heavy metal-exposed cells. The cause of general 

reduction in the total lipid contents of the three algae species in the present study was 

not thoroughly examined and is largely unknown at this stage. 

 The effects of excess NaCl, Zn2+ and Cu2+ on the test algae species were 

evaluated through lipid damage or lipid peroxidation expressed as malondialdehyde 

(MDA) content. Z. heydrichii showed progressive increase in MDA content with 

increasing concentrations of NaCl and test metals in the medium. This indicates that 

both the metals as well as the salt induced oxidative stress. Similar trend was 

observed with the green alga S. variable and the cyanobacterium N. muscorum. 

Oxidative stress causes lipid peroxidation which is reflected by damage in fatty acid 

structures like cell membranes which show impaired rigidity, integrity and 

permeability. In the present work, enhanced lipid peroxidation was found in the 

presence of Zn2+, Cu2+ and NaCl in all the three species similar to earlier reports in 

microalgae (Mehta and Gaur, 1999; Srivastava, 2010; Soto et al., 2011). The observed 

results showed that Zn2+, Cu2+ and NaCl induced oxidative stress in Z. heydrichii, S. 

variable and N. muscorum although the extent to which the damage is expressed 



 

 

differed from species to species. According to Soto et al. (2011), differences in the 

effects of Cu2+ and Zn2+ could be attributed to the redox potential of the metals, 

where, Cu E°= 0.16 and Zn E°= -0.76, leading to increased oxidant effect at lower 

concentrations. 

 One of the major challenges in biodiesel production from microalgae lies in 

the production of a considerable amount of biomass. Selection of fast-growing, 

productive strains, optimized for the local climatic conditions is of fundamental 

importance to the success of any algal mass culture and particularly for low-value 

products such as biodiesel (Griffiths and Harrison, 2009). Microalgae are commonly 

cultured in outdoor open ponds or enclosed photobioreactors for mass cultivation 

(Gong and Jiang, 2011). Certain factors such as contamination, evaporation, flooding, 

lack of control over temperature and light provision in outdoor open ponds may 

reduce yield in outdoor cultures when compared to laboratory conditions (Lee, 2001). 

Similarly, limiting light intensity and oxygen build-up are also undesirable factors 

which can affect overall yield in closed photobioreactors (Pulz, 2001).  

 In the present investigation, an extremely simple outdoor culturing method for 

scaling up the biomass production was employed. Culture medium was prepared 

using UV-sterilized river water and Chu-10 nutrients were added to it. Pure uni-algal 

inoculum was added and kept outdoors under the influence of natural sunlight. This 

proved to work productively in terms of biomass and lipid productivities, and resulted 

in decreased cost of biomass production. Although it was not attempted in this study, 

the biomass and lipid productivities can be further increased by controlling culture 

conditions (e.g. pH, temperature and CO2 enrichment). In the present study, culture 



 

 

conditions were minimally controlled as they may increase the cost of biomass 

production and oil yield. But the obtained results suggested that Z. heydrichii and S. 

variable can be grown successfully in open outdoor culture conditions.  

 Biodiesel was successfully produced from Z. heydrichii oil by the method of 

transesterification. Miao and Wu (2006) stated that the basic catalyst (alkali catalyst) 

was not suitable for the transesterification of microalgal oil probably due to the high 

acid value of microalgal oil (8.97 mg KOH g-1). The authors have also suggested the 

use of high catalyst concentrations (100% H2SO4) to produce biodiesel with low 

specific gravity in a much shorter time. Therefore, we used 100% sulfuric acid by 

weight in the present work. The stoichiometric ratio of oil to methanol required to 

produce biodiesel is 1:3 molar ratio of oil:methanol. However, 1:3 ratio results in a 

large amount of unreacted material, therefore, higher ratios are usually chosen to push 

the reaction toward higher percent completion at a faster rate. In this study, the molar 

ratio of 56:1 methanol to oil was chosen as suggested by Miao and Wu (2006). 

Density of the biodiesel was found to be 0.88 kg l-1 at room temperature. This meets 

the requirement specified by the ASTM biodiesel standard with the range of 0.84-0.9 

kg l-1. The oil to biodiesel conversion ratio was found to be 62.16% in this study. 

Higher yields may be achievable with modifications in the transesterification 

parameters which include catalyst type and amount, reaction time and temperature, 

molar ratio of alcohol to oil and the intensity of agitation during the reaction. 

 

 

 



 

 

SUMMARY 

 

During the past few decades, there has been a tremendous increase in the consumption 

of fossil fuels for various sectors resulting from rapid technological advances and 

industrialization. As a consequence of this, fossil fuel depletion and serious 

environmental issues have become a major global concern. Emissions of greenhouse 

gases and global warming are immediate environmental threats which need to be 

tackled. Therefore, a renewable, sustainable and non-polluting source of energy 

derived from biomass is now strongly favored.   

Biodiesel produced from vegetable oil is currently being commercialized in 

many countries. Even though biodiesel has numerous attractions for use when 

compared to the conventional fuels, the high cost of biodiesel due to high cost of 

vegetable oils is a major constraint. The choice of feedstock is crucially important in 

terms of cost effectiveness and quality of biodiesel produced, which implies that 

possible feedstock candidates need to be further explored. In this study, attempt was 

made to screen and select filamentous algae that may be used as oil feedstock for 

biodiesel. 

In the present study we have used the term ‘algae’ in context of industrial 

application, not as a taxonomic and phylogenetic group. Therefore, Genera Nostoc 

and Scytonema that are strictly photosynthetic cyanobacteria have been described here 

under the term ‘algae’. 



 

 

 A total of ten filamentous microalgae were isolated and identified from 

samples collected from the different study sites located in Aizawl District of 

Mizoram. A preliminary screening of the isolated algal species was carried out to 

select the species with higher lipid content (> 10% DCW). The lipid content range 

was found to be from 6 -15% DCW for the filamentous species isolated. Based on the 

preliminary screening, three species, namely, Zygnema heydrichii (lipid content 14.8 

± 0.10% DCW), Stigeoclonium variable (lipid content 12.6 ± 0.38% DCW) and 

cyanobacterium Nostoc muscorum (lipid content12.4 ± 0.23% DCW) were selected 

for further investigation.  

 The growth patterns of Z. heydrichii, S. variable and N. muscorum were 

determined under controlled culture conditions for 20 days. Among the three species, 

N. muscorum showed the highest specific growth rate (0.451 ± 0.0460 µ day-1) 

followed by Z. heydrichii (0.310 ± 0.0108 µ day-1) and S. variable (0.240 ± 0.001 µ 

day-1). Chlorophyll and protein contents of the test algae were also determined during 

this experimental period.  

 The relative amount of saturated and unsaturated fatty acids in biomass is of 

key importance for production of biodiesel. In this study, a detailed profiling of the 

fatty acid compositions of the test algae grown under controlled culture conditions 

was done using gas chromatography. The FAME profiles support the suitability of Z. 

heydrichii and S. variable oil as biodiesel feedstock due to the relative abundance of 

C16:0 and C18s. The presence of  > 35% SFA, > 25% PUFA and > 36%  unsaturated 

C18s, will aid in increased oxidative stability, enhanced low-temperature operability 

in diesel engines and a decrease in kinematic viscosity of the resulting biodiesel. 



 

 

 The effects of N- and P-depletion on growth, total chlorophyll and lipid 

contents in all the three test algae were studied. It was observed that nutrient 

deficiencies decreased growth and chlorophyll contents of the algae except for the 

cyanobacterium N. muscorum, which did not show reduced specific growth under N-

depletion, but P-depletion in the medium decreased its specific growth rate by 50%. 

Maximum growth inhibition of the green microalgae was observed under N-depletion 

followed by P-depletion. This indicates that growth was a direct function of the 

availability of external nitrogen and phosphorus sources in the medium, with nitrogen 

having a major impact on the survival of the algae culture. For Z. heydrichii, depletion 

of phosphorus in the culture medium resulted in a 1.5-fold decrease in the specific 

growth rate and a 3-fold decrease under N-depletion. However, Z. heydrichii showed 

a significantly higher lipid accumulation (21.45 ± 0.26% DCW) under N-depletion. In 

S. variable, lipid content was found to be enhanced by both N- and P-depletions 

which was increased by 2.08- and 1.45-folds, respectively. In contrast to Z. heydrichii 

and S. variable, N. muscorum showed a decreased lipid content when grown in N-

depleted medium. However, P-depletion alone has no effect on lipid content in N. 

muscorum. When both nitrogen and phosphorus were present, maximum lipid content 

was observed (12.38 ± 0.23% DCW). 

 Biodiesel is made from triacylglycerols (TAGs) that are triesters of glycerol 

containing long chain fatty acids. Thin layer chromatography (TLC) was used for 

separation and quantification of different lipid classes - neutral lipids (TAGs), 

diacylglycerides (DAGs), monoacylglycerides (MAGs) and polar lipids (PLs).  



 

 

The test algae Z. heydrichii, S. variable and N. muscorum grown in complete 

Chu-10 medium accumulated TAG as 7, 70, and 18% of total lipid content, 

respectively. The amount of TAG accumulated was highest in S. variable followed by 

N. muscorum and Z. heydrichii. Under N- and P-depletion, S. variable showed the 

highest level of TAG compared to other two test algae. Results showed that P-

depletion triggers the TAG content in N. muscorum; however, N-depletion has no 

pronounced effect on TAG accumulation. In all the tested algae, DAG content 

increased significantly when medium was not supplemented with nitrogen and 

phosphorus.  

In Z. heydrichii, N-depletion alone increased the TAG level by 63-folds, 

suggesting that N-depletion can be used to enhance the TAG content in Z. heydrichii. 

However, P-depletion also significantly increased the TAG content. The N- and P- 

depletion has no significant effect on TAG content in S. variable. The N-depletion 

alone decreased the TAG content in S. variable. 

 The initial pH of the medium affected the lipid contents in all test algae. As 

determined for a short-term experiment, the highest lipid content in all the tested algae 

was found when pH of the medium was 7.5. Compared to S. variable, Z. heydrichii 

was more sensitive towards the change in pH of the external medium. The lipid 

content of Z. heydrichii was greatly decreased when medium pH was above 7.5. N. 

muscorum showed slightly lower lipid content at pH 6.5 and 8.5 compared to 7.5, and 

Z. heydrichii also showed a slight reduction at a lower pH of 6.5.  

 For algae based biodiesel program, it is of key importance that algal biomass 

production should not be restricted with fresh water. It is advantageous if algae can be 



 

 

grown in wastewater as well as in saline waters. The growth responses of the three 

test organisms under the influence of salt stress induced by NaCl were examined. 

Results showed that the three algae responded differently with increasing 

concentrations of NaCl in external medium. Z. heydrichii was found to be most 

sensitive to NaCl, as 50% inhibition in the specific growth rate was found at 40 mM 

NaCl. S. variable showed the highest tolerance to salinity compared to the others. N. 

muscorum was better tolerant to NaCl as evidenced by no significant effect of NaCl 

on the specific growth rate. The NaCl at the tested concentrations in this study did not 

lead to pronounced lipid peroxidation in all the three algae. The effect on NaCl on 

lipid content of the three test algae was also studied. 10 mM NaCl in the medium 

decreased the lipid content of Z. heydrichii by 38%. However, the lipid content in S. 

variable and N. muscorum was not altered at 40 mM NaCl in medium.  

 The short-term effect of Zn2+ and Cu2+ on growth patterns of Z. heydrichii, S. 

variable and N. muscorum revealed that Cu2+ was more toxic compared to Zn2+ for all 

the tested algae. The 2.5 µM of Zn2+ in the medium apparently had no impact on 

growth of Z. heydrichii, and even at 40 µM Zn2+ growth was 82%. The Cu2+ strongly 

inhibited the specific growth of Z. heydrichii and the LC50 for Cu2+ was 1.0 µM. This 

species also showed decrease in total lipid content after treatment with test metals. 

Both Zn2+ and Cu2+ increased the lipid peroxidation in the alga showing oxidative 

stress. MDA level was higher in Cu-treated culture compared to Zn-treated culture.  

 The Zn2+ and Cu2+ inhibited the growth of S. variable and N. muscorum. The 

Cu-treated algae showed higher inhibition in growth compared to Zn-treated. At 1.5 

µM Cu2+, there was >50% inhibition in specific growth rate of S. variable.  However, 



 

 

at 1.5 µM Cu2+, the specific growth of N. muscorum was 100% inhibited. S. variable 

and N. muscorum also showed decreased total lipid content after treatment with Cu2+ 

and Zn2+. Treatment with Cu2+ and Zn2+ increased the MDA level in S. variable as 

well as in N. muscorum suggesting about the metal induced oxidative stress.  

 The observations indicate the potential of the test algae to grow in domestic 

wastewater and agricultural run-off water with low concentrations of Zn2+. At the 

same time, increasing concentrations of Cu2+ resulted in the increasing reductions in 

specific growth rates for all the three species. It is concluded that the test algae will 

not survive in water with trace amounts of Cu2+ and high concentrations of Zn2+.  

 One of the major challenges in biodiesel production from microalgae lies in 

the production of a considerable amount of biomass and selection of fast-growing, 

productive strains, optimized for the local climatic conditions is of fundamental 

importance. Z. heydrichii and S. variable were grown in semicontinuous outdoor 

culture mode for scaling up biomass production and growth of the two species was 

determined for a period of 30 days. The biomass productivity, lipid accumulation and 

lipid productivity of the test algae were determined. It was found that growth 

remained almost unchanged up to 30 days under the experimental set up as described 

in Chapter 2.  In case of Z. heydrichii, a total of biomass equivalent to 6.294 g DCW 

was harvested. At the same time, 5.184 g DCW was harvested for S. variable.  Total 

lipid yield in the semi-continuous culture was 1.158 g (18.40% DCW) for Z. 

heydrichii, and 0.795 g (15.35% DCW) for S. variable. The lipid productivity 

determined for the experimental set-up was 0.038 g l-1 day-1 for Z. heydrichii and 

0.026 g l-1 day-1 for S. variable, and the biomass productivity was 0.208 g day-1 for Z. 

heydrichii, and 0.17 g day-1 for S. variable. The obtained results suggested that Z. 



 

 

heydrichii and S. variable can be grown successfully in open outdoor culture 

conditions.  

 Biodiesel was produced from lipid extracted from Z. heydrichii by acid-

catalyzed transesterification. The pH of the biodiesel was 6.66, and density of the 

biodiesel was found to be 0.88 kg l-1 at room temperature. The oil to biodiesel 

conversion ratio was 62.16%. Further, it is suggested that higher yields may be 

achievable with modifications in the transesterification parameters which include 

catalyst type and amount, reaction time and temperature, molar ratio of alcohol to oil 

and the intensity of agitation during the reaction. 
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