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Abstract
The world is facing lack of alternative fuels. The demand for alternate energy is increasing every day and concurrently the depletion 

of fossil fuels has been so rapid that it could lead to energy crisis in the future. The energy production from photosynthetic micro-
organisms such as algae is the solution to this issue, which is providing an eco-friendly alternative to meet energy requirements. 
Microalgae are potential source of nutrients and health promoting substances, as well as high valuable metabolites that are unique 
and of high commercial use. In this context, we selected microalgae Botryococcus braunii for the biofuel production, which contain 
70% hydrocarbons in the biomass on the dry weight basis, and also it accumulates other bioactive compounds such as ether lipids, 
fatty acids, exo-polysaccharides and carotenoids, which are having high industrial applications. Our recent published results and also 
current literature on the effect of various culture conditions on biomass, hydrocarbon, lipids and fatty acid production in B. braunii, 
cultivation of B. braunii in raceway ponds and photobioreactors, downstream processing of hydrocarbons, bioactive molecules and 
their use in various applications, biological activities of B. braunii extracts with special reference to carotenoids were added to this book 
chapter. This chapter covers up to date information on the culture conditions, cultivation methods, biomass production, hydrocarbons, 
chemicals, bioactive constitutes and their biological properties, downstream processing of hydrocarbons from B. braunii.

Keywords: Bioactive compounds; Biomass; Botryococcus braunii; Hydrocarbons; Lipids; Photobioreactors; Raceway ponds

Introduction
Botryococcus braunii is a unicellular photosynthetic microalgae, member of the chlorophyceae (chlorophyta). It is producing 

large amounts of biomass, lipids, hydrocarbons and other bioactive molecules which can be used in renewable fuel. B. braunii is 
widespread in freshwaters, brackish lakes, reservoirs and ponds [1-3]. It is identified in several countries such as USA, Portugal, 
France, India, Japan, Philippines, Malaysia, and Thailand etc based on their geographical regions. The r-RNA (16s RNA) sequence of 
B. braunii is compared with other algae species Characium vacultaum and Dunaliella parva and found to be very close [4]. B. braunii 
is known to accumulate more hydrocarbons under various culture conditions [5-8]. It is divided into three different races-A, B and L 
based on the characteristics of hydrocarbon they produce. The race-A produces n-alkadienes and trienes (C25-C31), race-B produces 
botryococcenes (C30-C37) and race L produces tetraterpene (C40) [3,9,10]. B. braunii also synthesizes lipids-fatty acids, triacylglycerol, 
and sterols [11]. Apart from hydrocarbons, B. braunii produces other bioactive molecules such as exo-polysacchrides and carotenoids 
[12,13]. Biomass, lipid and hydrocarbon content varied based on the culture conditions [5-8,12]. Hydrocarbons produced distillate 
fractionates-gasoline (67%), aviation (15%), diesel fraction (15%) and remaining residual oil by hydrocracking [9]. These fuels are 
reported to be free from nitrogen and sulfur oxides after combustion. Owing to its lipid and hydrocarbon production, these microalgae 
recognized for the renewable fuel [14]. Hydrocarbons and lipids are improved by supplying carbon-dioxide [8]. Further, research 
studies will be required on to improve the optimal culture conditions for the hydrocarbon and lipid production in B. braunii spp. The 
present book chapter is covered on the biomass, hydrocarbon and lipid production from B. braunii under various culture conditions, 
cultivation of B. braunii in raceway and photobioreactors, hydrocarbon extraction, bioactive constituents and their use in industrial 
applications, and also special attention to be paid to biological properties of B. braunii.
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Morphology and Taxonomy
B. braunii cells were observed a pyramid shaped colloidal cell, green color, and together by a lipid biofilm matrix under microscopic, 

whereas some of the strains have dark green color with irregular colonies consisting of hundreds of elliptical cells interconnected by 
strand of tough mucilage. Sometimes B. braunii cells are attached to each other by a refringent material that sometimes links two or 
more distinct clumps of cells, but Metzger and Largeau [3] reported that the morphology of the alga varied in relation to age and culture 
conditions. B. braunii species are very difficult to identify since they have heterogeneity morphology. Many species of B. braunii were 
identified by Inter Simple Sequence Repeats (ISSR) or using standard species or nature of the hydrocarbon synthesis. B. braunii genomes 
are compared by using ISSR fingerprinting tools. ISSR is a potent tool to compare genomes for their identity. ISSR markers were used 
in the identification of taxonomical studies. Phylogenetic analyses of several strains of B. braunii were studied by 18s rRNA sequence 
[15,16]. ‘A’ and ‘B’ race cell sizes are bigger than ‘L’ race. ‘A’ race algal cells turns to pale yellow from green stage whereas ‘B’ and ‘L’ 
race algae cells turns to red orange and red brown color. The accumulation of carotenoids in the stationary phase of algae culture was 
observed. The biopolymers aliphatic and tetra-terpenoid compounds are accumulated in the cell wall of races [17]. These biopolymers 
are linked with ether bridges and fatty acid esters. Alkenyl phenol is detected in ‘A’ race. These compounds are increased the solubility 
of phenolic moiety, prevent biological and chemical degradation in lipid region. Hydrocarbons are stored in outer cell wall of B. braunii. 
Some of the physiological and morphological characteristics of the race ‘A’, ‘B’ and ‘L’ are presented in (Table 1).

Race Accumulated hydrocarbon Colony color In stationary Cell size (length x width) Biopolymers References
A C25-C31 Pale yellow 13 x 7-9 µm Aliphatic compounds [ 9]
A -- Green 11.0 x 6.4 µm -- [69]
A C13-C26 Green to Yellowish green to orange 3-13 µm -- [70]
B C30-C37 Red orange 13 x 7-9 µm Aliphatic compounds [9]
L C40 H78 Red-brown 8-9 x 5 µm Tetra-terpenoid [9]

Table 1: Some of the physiological and morphological characteristics of the ‘A’, ‘B’ and ‘L’ races of B. braunii.

Biosynthetic Pathway of Botryococcenes
In ‘B’ race produces botryococccenes (C30) which contain higher levels of triterpenes. Isopenteyl disphosphate and dimethylallyl 

diphosphate are the fundamental precursors in the isoprepnoid biosynthesis pathway (Figure 1). Isopenteyl disphosphate produces 
in living organisms by the condensation of acetyl CoA through the mevalonate pathway. Casadevall et al. [18] reported that the 
mevalonate levels (2-14C) were low in botryococcenes while using labeled experiments. Another experiment proved that botryococcenes 
and methylated squalenes levels were established by the non-mevalonate pathway after feeding the algae with glucose [19]. In this 
pathway pyruvate and glyceraldehyde-3-phosphate resulting from glycoclysis are condensed into 1-deoxy-D-xylulose-5-phosphate, 
in turn transposed into 2-C-methyl-D-erythritol-4-phosphate, the intermediate in IPP biosynthesis via the non-mevalonate pathway 
[20]. Squalene and botryococcene are triterpenes resulting from farnesyl moieties was reported by Poulter [21]. Actually farnesyl is 
accumulated into squalene and botryococcenes during a feeding experiment and it could be phosphorylated to its mono and diphophate 
esters with a cell free extract of B. braunii race B [22,23]. The role of farnesyl diphosphate as precursor of botryococcenes did not confirm 
by incubation of farnesyl diphosphate with cell free extract of B. braunii. The radio labeled precursor was incorporated into squalene but 
not into botryococcenes. This suggested that another derivative of farnesol was intermediate in botryococcenes biosynthesis reported 
by Inoue et al. [24]. Okada et al. [25] reported that farnesyldiphosphate is a precursor of botryococcenes. Botryococcenes synthase 
was inhibited by triton X-100 while it stimulates the squalene synthase [22]. Presqualene diphosphate as a common precursor in both 
squalene and botryococcenes synthesis was proved [26,27]. Either re-arranged or direct cleavage of cylopropane leads to squalene and 
botryococcenes. Still it is unknown that the single or two enzymes are responsible for squalene and botyrococcene synthesis. Jarstfer et 
al. [28] reported that recombinant yeast synthesize hydroxyl botryococcenes from presqualene diphosphate and squalene derivatives. 
The chemical structure of botryococcenes varied in relation to the strain origin, the methylation occurs at various positions depends 
on genetic factors. Alkylation of squalene in ‘B’ race, C31-C34 higher homologues synthesis by methyl groups of methionine. The cyclo-
botryococcenes synthesis is unknown; it may be from methylated botryococcenes or by methylation [29,30].

Figure 1: Biosynthetic pathway of Botryococcenes (C30) (adapted from Banerjee et al. [9]).
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Hydrocarbons in Races of B. braunii
B. braunii is divided into three different races-‘A’, ‘B’ and ‘L’ based on the characteristics of hydrocarbon they produces (Table 2 

and Figure 2). The race-A produces n-alkadienes and trienes (C25-C31), race-B produces botryococcenes (C30-C37) and race L produces 
tetraterpene (C40) [3,9,10] Race ‘A’ and ‘B’ were identified in continental, temperate and tropical lakes, whereas ‘L’ race was found in 
tropics. Hydrocarbon content varied strain to strain depending on the climatic zones. ‘A’ race exhibited around 20-60% of hydrocarbons 
on the dry weight basis which collected from the Bolivain strain from Lake Overjuyo and indigenous strains [8,11]. The hydrocarbon 
content in ‘B’ race was found to 40% on dry weight basis [31,32], whereas in race ‘L’ showed hydrocarbon content 8% in Thailand strains 
[33]. Relative percentage of hydrocarbon content and lipids in ‘A’, ‘B’ and ‘L’ races of B. braunii is presented in (Table 3).

Race A Race B Race L
C25 H48 C30H50 C40H78

C27H48 C31H52 --
C27H51 C32H54 --
C27H52 C33H56 --
C29H54 C34H58 --
C29H56 C35 H60 --
C31H58 C36H62 --
C31H60 C37H64 --

Table 2: Hydrocarbons produced by ‘A’, ‘B’ and ‘L’ races in B. braunii.

Strain name Race Hydrocarbon (%) Lipid (%) References
MCRC-Bb A 20 26 [8]
N-836 A 22 28 [8]
CFTRI-Bb-1 A 34 25 [8]
SAG-30.81 A 46 -- [12]
LB-572 A 33 -- [12]
N-836 B 30 -- [13]
Yamanaka A 16 -- [32]
Berkeley B 37 -- [32]
Yayoi B 33 -- [32]
Dawin B 35 -- [32]
TRG -- -- 26 [32]
KMITL-2 -- -- 55 [35]
Showa B 39 -- [42]
765 -- 24 13 [47]
IPPAS H-252 -- -- 20 [58]
-- B -- 50 [90]
Kutz No LB 807/1Droop 1950 H-252 -- 13 17 [152]
-- A -- 18 [153]
Jillamatong A 20 -- [154]
Overjuyo-3 B 25 -- [154]
Paquemar B 25 -- [154]
GUBITJTBB1 -- 52 57 [ 155]
-- B 22 -- [156]
FACHB-357 B 19.4 42 [157]

Table 3: Hydrocarbon and lipid content in ‘A’, ‘B’ and ‘L’ races of B. braunii strains.

 
Figure 2: Types of hydrocarbons produced by ‘A’, ‘B’ and ‘L’ races of B. braunii (adapted from 
Metzger and Largeau, [3], Banerjee et al. [9]).
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Effect of Culture Conditions on B. braunii
The culture conditions such as pH, temperature, irradiance, nitrogen, phosphorus, carbon dioxide and salinity effects on the growth, 

biomass, hydrocarbon and lipid production of B. braunii were reported by various researchers [6-8,12,13,34-37].

Effect of pH, temperature, irradiance
The pH was important parameter which had great influence on the growth, biochemical composition and also the form of enzymes 

[38]. Culture pH is adjusted to 7.4 before inoculation, while increased in pH was detected during the growth of algae [7,8,14]. Usually, 
increase in pH was observed in the cultivation due to the consumption of dissolved carbon-dioxide for photosynthesis [7,8,14]. A change 
in pH was observed in carbon-dioxide and salinity cultures during the growth of algae [7, 8]. Effect of various pH (6.0-8.5) on the growth 
and hydrocarbon production in B. brauni strains (SAG-30.81 and LB 572) were reported by Dayananda et al. [34]. The results showed 
that B. braunii strains can be able to grow in the all tested pH, increased in biomass yield was observed at pH-6.0. The culture pH was 
increased; might be due to the utilization of biocarbonate by algae [7]. However culture pH did not effect on biomass and hydrocarbon 
production. Recently, Ren et al. [39] reported that the algal growth and lipid production were affected by the culture pH (6.0-11.0) in 
algae.

Some of the algae species can grew under higher temperature and irradiance [40-42]. Similarly, B. braunii grew the temperature at 30 
± 2°C under 1.2 ± 0.2 klux irradiance and 16:8 h light dark cycles [7,8] and it varies depends on the algal species. Temperature may effect 
on the fatty acid composition in the algae. Irradiance plays a major role in photosynthesis i.e. they convert CO2 into organic compounds 
such as sugars, using the energy from light. B. braunii can be able to grow under high and low light intensities. High irradiance alters fatty 
acid synthesis to produce more saturated and mono-unsaturated fatty acids that mainly make up neutral lipids. Fatty acid composition 
changes especially in saturated one while increasing temperature in the culture [43]. Recently, Yoshimura et al. [42] reported that effect 
of various combinations of temperature (5-45°C) and irradiance (0-2000 μmol m−2 s−1) on growth and hydrocarbon production in B. 
braunii strain (Showa), the maximum specific growth of 0.50/day was observed at 30°C with irradiance 850 μmol/m2/s and hydrocarbon 
content was increased with specific growth rate.

Irradiance is the major factor which influence on growth and other high value products of algae. Low irradiance causes a reduction 
in dry weight while high irradiance causes biochemical damage to the photosynthetic machinery. Effect of light intensity on biomass 
and lipid content in Botryococcus braunii (KMITL-2) was investigated by Ruangsomboon [35]. The effect of light and dark cycles on 
growth and lipid contents in Botryococcus braunii (KMITL-2) were studied by establishing light and dark cycles (L:D, h:h) of 12:12, 
14:10, 16:8, 24:0 under illumination of 87.5, 200, and 538 μE/m2/s, at 25°C with constant bubbling of air. Results showed that the biomass 
yield was observed same at 24:0, 16:8 and 14:1 light and dark cycles, whereas the highest lipid content was obtained under 16:8 light and 
dark conditions. The biomass yield was found to be higher in 87.5 μE/m2/s compared to 200 and 538μE/m2/s. Major carotenoid lutein 
in Botryococcus braunii (LB-572) was enhanced at various light intensities reported by Rao et al. [44]. Similar results were observed 
when Botryococcus braunii exposed to various irradiance at light and dark cycles [36,45]. Effect of various conditions on the growth and 
hydrocarbon production of B. braunii strains are presented in (Table 4).

Strain name Race Temp(oC) Irradiance (μmol/m2/s) Light (h) CO2 (%) Growth rate Doubling time Hydrocarbon (%) References
LB-572 A 26 20 16 2 0.07 10.6 28 [7]
Gottingen (807/1) A 25 131 14 1 0.3 2.3 44 [14]
Showa B 25 240 12 2 -- -- 38 [32]
KMITL-2 -- 25 200 24 0 0.1 7 55 [35]
Showa B 30 850 14 1 0.5 1.4 -- [42]
Showa B 25,30 839 14 10 0.44 -- 39 [42]
Showa B 23-25 250 24 0 0.12 -- 39 [46]
Showa B 23-25 250 24 0.3 0.42 -- 29 [46]
765 -- 25 150 24 20 0.13 5.5 24 [47]
IPE-001 B 25 35 16 1 0.15 4.5 64 [80]
Yayoi B 25 240 12 2 0.2 3.5 40 [122]
UC-58 -- 25 250 24 1 0.42 1.7 -- [133]
CHN-357 -- 25 303 12 0 0.2 3.5 10 [158]
NIES-836 -- 25 303 12 0 0.09 7.7 35 [158]
UK-807-2 -- 25 303 12 0 0.18 3.8 65 [158]

Table 4: Effect of culture conditions on the growth and hydrocarbon production of B. braunii strains (Adapted from Yoshimura et al. [42]).

Effect of Carbon dioxide (CO2)
Carbon dioxide (CO2) is necessary for microalgae to maintain the culture pH in medium. Recently, many studies were conducted on 

the carbon-dioxide effects on biomass, lipid, fatty acid composition and hydrocarbon production in B. braunii strains [8,42]. CO2 favors 
the accumulation of lower chain botryococcenes (C30-C32) in B. braunii while sparged with ambient air contain higher botryococcenes 
(C33-C34) [46]. Methylation steps leading from C30 to C31 and C32 are faster in CO2 enriched cultures than steps leading to C33, C34 and 
higher homologues. In autotrophic media, growth and hydrocarbon content in B. braunii were improved by utilizing exogenous carbon 
source. We also reported that, the carbon dioxide effects on biomass, hydrocarbon and fatty acid profile in various indigenous species of 
B. braunii (LB-572, SAG 30.81, MCRC-Bb, N-836, CFTRI-Bb-1, and CFTRI-Bb-2) at 0.5, 1.0, and 2.0% (v/v) levels [8]. In the all tested 
levels, B. braunii was grown without any change in culture pH. Palmitic acid and oleic acid levels were increased in the strain B. braunii 
(LB-572) with CO2 treatment at 1% and 2%. Hydrocarbon content was found to be 20% in the B. braunii LB-572, CFTRI-Bb-2, CFTRI-
Bb-1, and N-836 strains, whereas it was less than 20% in the SAG 30.81. Another study evaluated the effect of carbon dioxide (2-20%) in 
B. braunii-765 [47]. The results showed that the strain can able to grow in all the CO2 tested levels with aeration rate at 0.2 vvm, without 
any changes in culture pH. The maximum biomass yield was found to be 2.31 (g/L) at 20% CO2 concentration on 25th day and also 
enhanced in hydrocarbon content and algal cell size with the increase of CO2 levels.

Effect of Nitrogen
Nitrogen plays a major role in microalgae for the growth and lipid accumulation. It is supplied to B. braunii in the form of nitrate 
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(NO3-), nitrite (NO2-) and ammonia (NH4+), which regulates nitrogen metabolism in algae. Nitrogen deficiency lead to lipid accumulation 
in B. braunii was reported [48,49]. Zhila et al. [49] reported that B. braunii accumulates Triacylglycerols (TAGs) with higher amount 
of oleic acid under nitrogen limitation conditions, whereas changes in both fatty acid composition and polar lipids under nitrogen 
deficiency culture. Many algal species accumulates TAGs under nitrogen starvation, which contain more monounsaturated fatty acids 
[39]. Potassium nitrate, calcium nitrate, sodium nitrate and ammonium nitrate effects on hydrocarbon and fatty production in B. braunii 
(LB-572 and SAG 30.81) were evaluated by Dayananda et al. [34]. In the results, hydrocarbon content was enhanced in both B. braunii 
(LB-572 and SAG-30.81) strains by potassium nitrate treated culture. Oleic acid is the major fatty acid was found in all the nitrate treated 
groups. Ammonia (NH3) used as nitrogen source which causes the culture pH decline to 4, where the cells were damage due to nitrate 
reductase enzyme inactivation. Hydrocarbon content decreased when B. braunii exposed to NH3, this indicates a diversion of acetyl 
Co-A from hydrocarbon synthesis pathway to amino acid synthesis pathway [50]. The effects of nitrogen (0-3.5 mg/L) on growth of B. 
braunii (764 and 765) at two different light intensities (60 and 110μmol/m2) were evaluated by Sun et al. [51]. In the results observed that 
growth of B. braunii-764 with all nitrogen treatments were significantly higher at 110 μmol/m2 compared to other treatments. Lack of 
nitrogen limits protein synthesis and thus increased lipid [52] or sometimes carbohydrates accumulation [53]. Biomass and lipid content 
in Botryococcus (KMITL-2) was enhanced by initial nitrogen concentration at 86 mg/L [35].

Effect of Phosphorus
Phosphorus is supplied to algae growth in the form of KH2PO4 and K2HPO4. Microalgae can absorb phosphate in the requirement 

of the cells. The phosphate can store in intracellular granules. The cells utilize phosphate when the extracellular phosphate supplies run 
out. Growth was enhanced in algae with the phosphate deficiency culture conditions [14]. Metabolites production in algae was increased 
by supplying phosphate. Phosphate released in the medium as the cell lyses in the declined stage of culture, while increased in the initial 
concentration of phosphate in the medium. Growth and hydrocarbon content in B. braunii was increased in the excess amount of 
phosphate, this may be changes in the nitrogen: phosphate (N: P) ratio in the culture medium, which influence on lipid accumulation 
in algae [14]. Effect of various phosphorus levels (0.15-0.77 mg/L) on growth of B. braunii (764 and 765) at 60 and 110 μmol/m2 light 
intensities were studied by Sun et al. [51]. In the results, growth rate of B. braunii (764 and 765) at 60 μmol/m2 showed no significant 
difference. The average growth rates of B. braunii (764) at 110 μmol/m2 were significantly lower than other phosphorus treatments. Initial 
phosphorus concentration on growth and lipid content in B. braunii (KMITL-2) was observed, the results showed the maximum biomass 
was found to be 1.91 g/L at 444 mg/L phosphorous concentration, whereas the highest lipid content was found to be 54% at a phosphorus 
concentration of 222 mg/L [35].

Effect of Salinity
Microalgae are incredibly tolerant to changes in salinity. It is effected on microalgae in different ways osmosis stress, ion stress 

and changes of the cellular ion ratios due to the selective ion permeability of the membrane while changes in salinity. The better algae 
growing conditions for most species is at a salinity level that is slightly lower than that of their native habitat, which is obtained by 
diluting sea water with tap water [54]. Effect of various salinity concentrations on growth, biomass, hydrocarbons, lipids, fatty acids and 
secondary metabolites in race ‘A’ of B. braunii was reported by Ranga Rao et al. [7]. In the results, the biomass yield was enhanced and 
bioactive constituent changes were observed at all the tested levels of salinity. Fatty acids-palmitic acid (1.7 fold) and oleic acid (2 fold) 
were increased in both 34 mM and 85 mM salinity treated culture, whereas 2 fold increased in carotenoid content at 85mM salinity 
concentration. Maximum hydrocarbon content was observed in 51 mM and 68 mM of salinity. The lipid content of B. braunii in salt 
concentration was higher than control group (without salt) [55]. Similarly Vazquez-Duhalt and Arredondo-Vega [56] reported that the 
lipid content in cells of B. brauni (Austin & Gottingen) was enhanced in the presence and absence of NaCl. Earlier reported that, increase 
in salinity may results in a slightly increase in total lipid content of algae [47,53]. Secondary metabolites-carotenoids in B. braunii were 
enhanced by providing salt stress [6,7]. The effect of salinity on growth, biomass, lipid, fatty acid and hydrocarbon production in various 
B. braunii species were reported [36,57,58] Growth and lipid production of four Botryococcus braunii (TRG, KB, SK, and PSU) strains 
were tested, all the strains were survived higher salinity concentration, whereas growth of SK, TRG and KB strains was decreased. The 
lipid content in SK, TRG and PSU strains were decreased when the salinity was increased [36]. Seawater containing medium was used 
for the hydrocarbon production in B. braunii (Showa) where the 90% hydrocarbon obtained without any pretreatment [57]. In another 
study conducted on the effect of 0.3 and 0.7 M NaCl on biomass yield, lipid content, and fatty acid profile of Botryococcus braunii (IPPAS 
H-252) in different phases of the culture, the culture growth was inhibited for first three days, due to considerable changes in the lipid and 
fatty acid profile. In the later phases of the culture, algae biomass increased, and the degree of unsaturation was increased, mainly due to 
rise in the content of polyenoic acid [58].

Cultivation of B. braunii
Raceway ponds

Micro algal cultivation is promising method for the production of high value metabolites- biomass, lipids and hydrocarbons which 
are very used for the biofuel feed stock [59]. Algae are grown in raceway ponds and photo-bioreactors for the scale up studies (Figure 
3). A raceway pond contains oval shape, closed loop channels, maintained depth in between 20 cm to 40 cm, and mixing is provided by 
paddle wheels. Raceway ponds are constructed by cement and plastics [60]. Continuous mixing gives equal light to the culture and also 
prevents sedimentation in pond. The raceway pond cultivation system is very cheap compared to closed system. This system needed 
investment in terms of light and other operations [61-63].
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Figure 3: Common microalgae cultivation in raceway ponds (A), flat panel photobioreactors 
(B), bubble column photobioreactors (C) and tubular photobioreactors (D).

 

Contamination is the major problem in open and closed system due to the environmental fluctuations [64,65], and is required to 
monitor to keep culture in good condition. Contamination occurs in the ponds by other algae, bacteria or predator’s-ciliates, rotifers, 
amoeba and cysts, and can be partially reduced or controlled by initial cell concentration, culture pH, chemical and physical treatments 
[65,66]. Agitation is essential as accumulation of biomass in one placed. Generally, cultures run in batch or continuous or semi-continuous. 
The batch cultivation was the best to maintain fresh algal inoculum as starting material for every batch. To obtain higher biomass yield 
and productivity depends the initial cell, biomass and nutrient concentrations, which plays a key role in maintaining healthy culture 
[67,68]. Our aim is to produce more biomass with minimum energy inputs, it is recommended to use marine forms to control or 
minimize contamination from other algal or zooplankton species. Recently a few research studies were conducted on the cultivation of B. 
braunii in raceway ponds [13,69,70]. B. braunii species-LB-572 and N-836 were grew in raceway and circular ponds reported by Ranga 
Rao et al., [13] in the results, the hydrocarbons of C20–C30 carbon chain length were higher in raceway and circular ponds on 18th day 
cultivation was observed, whereas the major fatty acids were found to be palmitic and oleic acids in the both raceway and circular ponds. 
Ashok kumar and Regasamy [69] reported that B. braunii strains-Kutz, AP-103, AP-104 and AP-105 were isolated from the Indian 
freshwater bodies and cultivated them in raceway ponds for the biomass and lipid production, in the results observed that the maximum 
biomass, lipid, hydrocarbon content was found to be 1.8 g/L, 19% and 11% in AP-103 strain. In addition 33% carbohydrate and 18% 
protein contents were observed under raceway ponds cultivation. The major fatty acids- heptadecane, hexadecane, oleic, linolenic and 
palmitic acids were identified. Similarly, the maximum biomass yield in B. braunii (Mahabali) was found to be 2 g/L (w/w) on 14th day 
cultivation in raceway ponds reported by Dayananda et al. [70].
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Photobioreactors
Photobioreactors (PBRs) are designed to grow microorganisms in closed system [71,72]. Recently they have received a great use in 

microalgae cultivation for the biomass production. PBRs can be optimized according to the biological and physiological characteristics of 
the algal species being cultivated. A uni-algal culture can be maintained in photobioreactors whereas in raceway ponds it is not possible. 
Environment sensitive algal species can easily grow in photobioreactors which gives more productivity. Based on their design, PBRs are 
considered to have several advantages compared to raceway ponds. In PBRs can be control various parameters such as pH, temperature, 
mixing, light, CO2, O2, prevent evaporation, reduce CO2 losses, allow to higher cell densities and volumetric productivities. PBRs offer safe, 
protect environment and prevent contamination by microorganisms. PBRs have several disadvantages such as bio-fouling, overheating, 
oxygen accumulation, difficult in large scale, to install high operating cost, cell damage by shear stress and degradation of material used 
for the PBRs [73]. Biomass and lipid productivity in PBRs was higher than in raceway ponds [74,75]. Generally three parameters such 
as volumetric, areal and illuminated surface productivity used to calculate the biomass productivity in algae production systems [76].

PBRs-flat panel, tubular, bubble column, annular (cylindrical), air lifting is used for mass culture of algae. Tubular PBRs are made 
with plastic or glass tubes with U bends to capture more sunlight. The tubes diameter are 5-10 cm. Algal culture are circulated through 
mechanical pumps [60]. These PBRs have high surface volume; hence light capture is higher and gives higher biomass yield. Microalgae 
are successfully cultivated in tubular PBRs [77-79]. Tubular PBRs require a large land area for a given volume of reactor and this is a 
significant disadvantage. Bubble columns and airlift reactors are more compact than tubular devices can offer more advantages for large 
scale culture [77]. Airlift systems have been used for Botryococcus, Porphyridum cruentum, Haematococcus pluvialis, Phaeodactylum 
tricornutum [80-82]. Annular (cylindrical) PBRs vertically designed with aeration provided from the bottom and illuminated through 
transparent walls. They offer efficient light, temperature and agitation to algal cells. Mixing is very important that increases the cell 
concentration when exposed to light and minimize the dark volume of the reactor. It also enhances mass transfer between nutrients, 
facilitates dissipation of heat and prevents oxygen [60]. Efficient illumination can be achieved by internal light which distributes light into 
cultures [83]. Light and dark cycles can influence on photosynthesis. Enhancing productivity in cultivation of algae by supplying flashing 
light causes additional cost [84]. Now a day’s LED photodiodes are used for illumination instead of fluorescent lights. Continuous 
illumination can be achieved by solar radiation during the day time whereas night time can use solar power driven LED lights to enhance 
productivity [85]. Light transmission can be increased by increasing the reactor that is exposed to light. Improving light penetration in 
PBRs was evaluated by Carvalho et al. [86]. Plastic bags are used for microalgae outdoor cultivation system. Flat panel consist of joined 
transparent plates to store the culture on which the culture is illuminated from one or both sides and stirred by aeration. Flat panel 
PBR offers biomass production of photoautotrophic microorganisms. Flat vessels are made for outdoor mass cultivation of algae under 
photoautotrophs [87,88] which is very easy to build desired light path. The factors to be considered in the design of flat panels are the 
collection of solar radiation, to remove oxygen, to avoid nutrient gradients and to control temperature. In order to get irradiance 100 
µE/m2/s in panel reactors, to maintain cell density 1 g/L and flat panel depth should be below 0.07 m. The optimum light path was 0.1 m 
for Nannochloropsis sp. in flat panel was reported by Zou and Richmond [89] where the biomass productivity reached 0.5 g/l/d. The flat 
panel reactors can achieve high biomass yield due to their light illumination surface area to volume. Mixing is provided by supplying CO2 
enriched air which used as carbon sources to increases cell density and biomass productivity.

Today, raceway ponds and PBRs used for Botryococcus culture for the biomass production [13,47,69,70,79]. Batch and continuous 
mode was tested in open and closed systems. Continuous mode is feasible for higher biomass production. Continuous culture mode in air 
lift PBRs used for B. braunii at small scale was reported by various authors [14,72,77,78]. Maximum hydrocarbon content was observed in 
bubble column photobioreactor by supplying 1% CO2-enriched air with 10 klux irradiance [77,78]. In bubble column photobioreactors, 
the biomass yield was reached 7 kg/m3 and hydrocarbon content was found to 50% in B. braunii culture was reported by Kojima and 
Zhang [90]. Compared with closed aseptic culture vessels, open pond reactors can provide a moderate surface to volume ratio at a much 
lower cost per unit volume [91]. However the culture conditions in open systems are less controlled than in closed reactors, consequently 
the biomass productivity was low compared with closed PBRs. In open culture systems contain mixed populations and not desired 
algae. Open culture system is the most reliable for producing large amounts of biomass, for extraction of lipids and hydrocarbons. 
Recently reported that the biomass productivity of B. braunii strains in raceway ponds [13,47,69,70] was comparatively same with the 
photobioreactors [47], this might be due to the strain difference, culture conditions (CO2 supply, initial cell concentration and salinity) 
and also specific design of raceway ponds and photobioreactors. Based on the current literature, biomass and areal biomass productivity 
of B. braunii species in the cultivation of raceway and photobioreactors comparison with other algal species are presented in (Table 5).

Microalgae Mode of cultivation Biomass productivity or areal biomass 

productivity (g/L/dorg/m2/d)

References

B. braunii (LB-572) Raceway 0.11 [13]
B. braunii (N-836) Raceway 0.05 [13]
B. braunii (765) Photobioreactor 0.09 [47]
B. bruanii (AP-103) Raceway 0.11 [69]
B. braunii (Mahabal) Raceway 0.10 [70]
Phaeodactylum Tubular 1.19 [71]
Sprulina tubular 0.62 [84]
B. braunii (FACHB-357) Single layer
photobioreactors 5.50 [157]
B. braunii (LB-572) Panel reactors 0.02 [155]
B. braunii (LB-572) Biofilm photobioreactor 0.71 [160]
Chaetoceros Bubble column 3.31 [161]
Chaetoceros Air lift reactor 4.09 [161]
Chlorella kessleri Tubular 0.12 [162]
Scenedesmus obliquus Tubular 0.20 [162]
Spirulina Tubular 0.39 [162]
Dunaliella Flat plate 1.50 [163]
Haematococcus Air lift reactor 0.80 [164]
Monodus Bubble column 0.03 [165]
Strain name
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Nannochloropsis Flat panel 0.22 [166]
Nannochloropsis Flat plate 0.22 [166]
Nannochloropsis Raceway 11.0 [167]
Nannochloropsis Flat panel 27.0 [167]
Nannochloropsis Tubular 25.0 [167]
Nannochloropsis salina Raceway 0.20 [168]
Phaedactylum Tubular 1.38 [169]
Phaeodactylum Flat plate 1.38 [170]
Phaeodactylum Tubular 1.19 [72]
Scenedesmus rubescens Raceway 0.02 [171]
Scenedesmus sp. Raceway 0.19 [172]
Spirulina platensis Raceway 0.18 [173]
Synechocystis aquatilis Flat panel 1.00 [174]

Table 5: Biomass and areal biomass productivity of B. braunii comparison with other algal species in raceway and photobioreactors cultivation.

Hydrocarbon Extraction
B. braunii produces variety of hydrocarbons which contain higher and lower carbon chain. Biomass can be harvested by filtration or 

centrifugation. Hydrocarbons are accumulated in outer cell wall. B. braunii cell wall is very thick and it is very difficult to extract or break 
[3]. Hydrocarbons can be recovered by solvent extraction process, high pressure, sonication or supercritical fluid extraction process. 
High pressure extraction for hydrocarbons used at bench scale. Hydrocarbons can easily extracted by non-toxic solvents which are 
inexpensive, easily available, and immiscible with water, low boiling point and reusable. For obtaining higher hydrocarbon recovery, dry 
algal cells can be used for the hydrocarbon extraction instead wet cells [3]. However, dewatering and drying of the biomass is not a cost-
effective method for industrial applications. Wet biomass cells contain higher percentage of water; the algal cells reduce contact of the 
non-polar solvents with the outer cell wall [92]. Wet cells are aggregated and form clumps during the extraction process. Hydrocarbon 
recovery yield was influenced by physiological status of culture. Frenz et al. [93] reported that the hydrocarbon recovery was high in 
exponential growth phase of algae which was observed in photobioreactor cultivation. However, the strain, solvent selection, extraction 
time and temperature are the key parameters to get the efficient hydrocarbon recovery.

The biocompatible solvent selection is very critical because the presence of organic solvent can retard the cell growth. Based on the 
current literature, various solvents-hexane, n-octane, dodecane, acetone and ethyl acetate extraction methods were used for hydrocarbon 
recovery [93-97]. Terpenoids in B. braunii biomass was extracted by using solvent hexane [98]. Another solvent method, supercritical 
CO2 extraction method used for hydrocarbons recovery, optimal time was found to be 30 min at pressure 30 MPa [99,100]. This extraction 
method was expensive, non-toxic, reusable, contains low viscosity and CO2 allow quick extraction of solids. Algal hydrocarbons solubility 
in CO2 extract was increased with increasing pressure [100]. Recently, Cho et al. [95] reported that n-octane was best for the hydrocarbon 
recovery when compared to dodecane, tetradecane and hexadecane solvents which gives 48% hydrocarbon recovery at 6h time. Three 
non-polar solvents-n-hexane, ethyl acetate and acetone at 50°C temperature with 10.3 MPa pressure used for hydrocarbon extraction 
[101], the results showed n-hexane was the efficient solvent extraction method for higher hydrocarbon recovery, further he confirmed 
accelerated solvent extraction (ASE) was 6% higher than Sox-let method at 6 h and 60 ml solvent which saved time and solvent. Major 
hydrocarbons (C32, C33, C34) recovered in dimethyl ether used as extraction solvent whereas in n-hexane extract was found to be C30 and 
C31 hydrocarbons reported by Kanda et al.[102] Dayananda et al. [12] reported that the hydrocarbon extraction was 33% in B. braunii 
(LB-572) and 46% in B. braunii (SAG-30.81) obtained using hexane extraction method. In our laboratory studies, hydrocarbon extracted 
for B. braunii strains using n-hexane showed 34%, 20% and 22% hydrocarbon recovered in CFTRI-Bb1, MCRC-Bb and N-836 strains 
of B. braunii reported by Rao et al. [7,8]. Based on these findings, n-hexane was the efficient solvent for the hydrocarbon extraction. 
Hydrocarbon recovery from various B. braunii species using solvent extraction methods is presented in (Table 6).

Strain name Solvents/temp/pressure/extraction time Hydrocarbon recovery 
(%)

Reference

CFTRI-Bb-1 n-hexane 34 [7]
MCRC-Bb n-hexane 20 [7]
N-836 n-hexane 22 [7]
LB-572 n-hexane 33 [12]
SAG-30.81 n-hexane 46 [12]
Showa n-hexane 39 [42]
Showa n-hexane 90 [57]
UTEX-572 n-octane, 6h time 48 [94]
Showa Hexane, at 50°C, 10.3 MPa pressure, 5 min 40 [101]
SAG 807-1 1,8-diazabicyclo-[5.4.0]-undec-7-ene/octanol (1:1) 16 [140]
SAG 807-1 1,8-diazabicyclo-[5.4.0]-undec-7-ene 15 [140]
SAG 807-1 1,8-diazabicyclo-[5.4.0]-undec-7-ene/ethanol (1:1) 12 [140]
Showa n-hexane at 100°C 97 [175]

Table 6: Hydrocarbon recovery from biomass of B. braunii strains by using solvent extraction methods.

Bioactive Constitutes and their Use in Industrial Applications
B. braunii produces variety of bioactive molecules such as hydrocarbons, alkanes, ether lipids, fatty acids, polysaccharides and 

carotenoids which have high demand in industrial applications such as fuel, food and feed applications (Table 7). In addition, B. braunii 
is used in plant growth promoter studies in plant tissue culture systems. Carotenoids and exopolysaccharides from B. braunii showed 
various biological properties in in vitro and in vivo studies. These bioactive molecules are described briefly in the below.

Bioactive molecules Industrial Application
Hydrocarbons Fuels, electricity, natural gas, liquid fuel, petroleum gas,petrol, diesel, power plants, homes
Alkanes Fuel oils, natural gas gasoline, polymers, paints, plastics, drugs, cosmetics, detergents,
Either lipids Cytotoxic effects on tumor cells, chemical indicators in neoplasms, chemical mediators, Fat absorption, human 

food, animal feed
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Fatty acids Human nutrition, nutraceutical and pharmaceutical applications, Gene interactions, Acylation or proteins, 
Membrane fluidity, substrate specificity

Exopolysaccharides Food, paint, laundry, textile, adhesive, binding agent, coating, emulsifying agent, stabilizer and thickening agent
Carotenoids Antioxidant properties, anticancer activities , bioavailability , food, ingredients, feed, nutraceutical and 

pharmaceutical applications,
Table 7: Bioactive molecules from B. braunii and their industrial applications.

Source of Hydrocarbons
B. braunii contain three different races such as ‘A’, ‘B’ and ‘L’. These are divided based on the characteristic of hydrocarbons they 

produce. Race ‘A’ produces odd numbered n-alkadienes and alkatrienes. Race A produces 60% of the olefins in the dry cell mass of the 
green state colonies [103]. Two unusual hydrocabrons-C27 H51 and C27 H48 tetrane reported in race A strain which was isolated from 
Lake Overjuyo, Bolivia. Chemical structures (30) and hydrocarbons (50) were reported in ‘A’ race of B. braunii [11] and most of the 
compounds were identified monoenes, tetraenes and odd carbon numbered. The hydrocarbon distribution depends on the genetic factors 
which varied strain to strain during the cultivation under identical conditions [104]. Oleic acid is the main precursor of dienes and trienes 
reported by Templier et al. [105,106]. The ‘B’ race produces poly methylated unsaturated triterpenes, called botryococcenes and they can 
exist as isomers with the same carbons but different structures. Squalene and C31- C34 methylated squalenes were synthesized by ‘B’ race 
in B. braunii [11,30]. These molecules were isolated from Bolivian strain of B. braunii [107]. The botyrococcene (C30) was the precursor 
for higher homologous compounds reported by Metzger et al. [29]. Botrycoccene can accumulate around 20-80% in the dry cell biomass 
[108]. A 50 botryococcenes were purified in ‘B’ race reported by Metzger and Largeau, [11]. The ‘L’ race produces tetraterpene (C40H78), 
known as lycopadiene [109] and they can accumulates 2-8% of the dry cell biomass [33]. Lycopadiene was the sole hydrocarbon detected 
in B. braunii strains from Thailand and Ivory Coast [110].

Source of Alkanes
Alkanes are nothing but saturated hydrocarbons found in B. braunii [111]. Cell accumulates methylated aldehydes, is generated 

from fatty acids via methylation process by S-adenosyl methionine, and then converted them into aldehydes by fatty acyl reductase 
which requires ATP, CoA, and NADH for its activity. Fatty acyl reductase was solubilized in 0.1% octyl beta-glucoside, purified by blue 
A and pamitoyl agarose column chromatography and its molecular weight was found to be 35 kDa by SDS-PAGE [112,113]. Alkanes 
are obtained by the conversion of aldehydes which are generated from the fatty acids by methylation process; alkanes are losing one 
molecule of carbon in this process. Alkane’s conversion was occurred via decarboxylation which requires decarbonylase enzyme activity 
in anoxic conditions. It is located in microsome, it may convert carbon monoxide in B. braunii into carbon dioxide which is necessary for 
organisms to accumulate higher amount of hydrocarbons and the enzyme can be inactivated by metal chelators. Saturated hydrocarbons 
such as docosane, hexacosane and heptacosane were reported in B. braunii (N-836) [114].

Source of Ether Lipids
‘A’, ‘B’ and ‘L’ races of B. braunii are producing variety of either lipids. Ether lipids made up with various triacylglycerols, 

glycerophosphatides and isopranoid dialkyldiglycerol tetraethers. ‘A’ race produces ether lipids like alkadienyl-O-alkatrienyl ether, 
resorcinolic either and alkenyl-O-botryalyl ether reported by various authors [115-117]. It is producing high amount of alkadienyl-O-
alkatrienyl ether where the strain isolated from Lake Overjuyo, Bolivian and another from Lake Coat Herno from France [115]. These 
species contain 40% of ether lipids in the exponential phase of algae whereas in stationary phase their levels were low [118]. These 
ether lipids are close to hydrocarbons. However hydrocarbons levels were very low in these strains during the growth phase of algae. 
One more ‘A’ race strain was isolated from Lake Overjuyo, Bolivian which contains 35% of phenoxy ether lipids on the dry weight 
basis [117]. Another strain isolated from Maddingley brick Pits, UK which showed 5% of ether lipids on the dry biomass. Either lipids 
linked with phenoxy bonds or hydrocarbons which derived from alkadienes, thus give rise to high molecular weight lipid compounds. 
These lipids structurally derive from the coupling of alkadienes, alkenylresorcinols, alkenylhydroquinols or branched aldehydes by aldol 
condensation called botryals. Alkenyl-O-botryalyl ether is ether lipid which attached to hydroxyl group is esterified by oleic acid [117]. 
In ‘B’ race, ether lipids such diepoxy-tetramethylsqualene, botryolin A and botryoxanthin-A, B was reported [110,119-121). Minor 
components of botryolins were isolated from Ivory Coast. These triterpenoid triethers contain a tetramethylsqualene carbon skeleton. 
Braunixanthin-1,2 were isolated from the Japanese strain reported by Okada et al. [122]. They contain an alkylhdroquinol moiety mid 
chain bound by ether bridges to enhinenone and a tetramethysqualene derivative. This contains a tetrahydrofuran ring, which derives 
from the cyclisation a diepoxy-tetramethylsqualene [110]. ‘L’ race produces various ether lipids, recently reported that diepoxy-lycopane, 
lycopanerol ‘A’, lycopanerol ‘F’ and lycopanerol ‘H’ isolated from B. braunii which linked with tetrahydrophyran ring containing 
lycopanes [110,119,123,124]. Lycopanerol ‘F’ found in the India and Ivory Coast strains which associated three tetrahydrofuran containing 
lycopanes with ether bridges. Lycopanerol ‘H’ found in the Ivory Coast strain which includes tetrahydrofuran and tetrahydropyran 
containing lycopene, alkylphenol, phenoxy bonds. Accumulation of lycopanerol in the ‘L’ race was found to be 10% on the dry weight 
basis. These compounds are formed as terpenoid, alkylphenol, resorcinol and non-terpenod with ether/phenoxy bonds. Each compound 
derived from the diepoxy-lycopane which containing one or three tetraterpenoid with tetrahydrofuran or tetrahydropyran [106].

Source of Fatty Acids
Microalgae species - Botryococcus, Chlorella, Scenedesmus, Dunaliella, Nannochloropsis and Chlorococcum etc accumulates high 

amount of lipids [61] Among the algal species, Botryococcus braunii is one considered to be a potential source for biofuel feedstock 
which produces high amount of fatty acids [6,7,13]. Botryococcus accumulates lipids in the range of 2-86% on the dry weight basis; 
this content was varied by culture conditions and specificity of alga [11]. Lipids contain various fatty acids such as palmitic acid (C16:0), 
oleic acid (C18:1), linoleic (C18:2) and linolenic acid (C18:3). Accumulation of fatty acids in the exponential phase was higher compared to 
stationary phase of algae. B. braunii contain methylated branched fatty acids and these are known to inhibit endothelial cell and leukocyte 
proliferation [113,125,126]. Fatty acids profile - C16:0, C16:1, C18:0, C18:1, C18:2 and C22:0 in B. braunii was reported in raceway and circular 
pond cultivation [13]. Enhanced oleic and palmitoleic acid content in B. braunii (LB-572) under salinity culture conditions [6].

Source of Exopolysaccharides
B. braunii produces Exopolysaccharides (EPS) but a few species are used in commercially importance. These are used in industrial 

applications such as food, paper, paint, laundry, textile and adhesive. Use of the polysaccharides depends on their rheological characteristics. 
Microbial polysaccharides have a great impact since their use in various applications. Polysaccharide production associated with 
pathogenicity of microorganisms. EPS produced by Porphyridium curentum used in commercial applications, whereas EPS produced 
by Chlamydomonas Mexicana considered to be soil conditioner [127,128]. Similarly, B. braunii is producing exoploysaccharides which 
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accumulates in the ranges from 250 g/m3 in ‘A’ and ‘B’ races and 1 kg/m3 in ‘L’ race [14,129]. Cells in B. braunii are made up with 
mucilaginous polysaccharides; these are dissolved in culture medium, increases in viscosity of culture medium. Polymers-galactose, 
fucose, arabinose, rhamonse, uronic acids, and non-sugars are identified in B. braunii. Among the polymers, galactose is the major 
compound in the heterogeneouse polysaccharide. Some of the unusual sugars namely 3-O-methyl fucose, 3-O-methyl rhamnose and 
6-O-methyl hexose were reported in B. braunii. EPS content 4-5.5 Kg/m3 in B. braunii UC-58 was reported by Fernandes et al. [130]. The 
polysaccharide content was higher in decline phase of algae compared to exponential and stationary phase. Enhanced polysaccharide 
content in nitrogen deficiency conditions, where the degrading nitrogen contains macromolecules and accumulating polysaccharides 
and lipids. EPS content was declined, when urea and ammonia used as nitrogen source. The consumption of urea and ammonia causes 
decrease in culture pH, this gives low polysaccharide production. Optimum nitrate concentration was 8mM and temperature ranges 
from 25-30°C for polysaccharide production in B. braunii. EPS synthesis under continuous illumination was exhibit higher than cells 
grown under cyclic illumination [131]. The degree of biopolymer was decreased when the culture was exposed out of the optimal 
temperature. Auriobacterium barkeri associated with B. braunii culture, however they did not effect on the exoploysaccharide synthesis 
[130]. Sulfated polysaccharides isolated from microalgae species, used in anti-adhesive property, inhibited HeLaS3 human cell line by 
algal polysaccharides [132]. EPS is a potential source of uronic and fucose, which can be used in reduce metal ions toxicity and substrate 
in chemical synthesis [133].

Source of Carotenoids
Microalgae are producing high value added products, in particularly carotenoids which have broad industrial applications still 

studies are required to improve their culture conditions or cultivation methods in order to be economically competitive in the market 
[134]. Some algal species accumulate high concentration of carotenoids under stress conditions [6,7,44]. Similarly, B. braunii is known 
to produce hydrocarbons, lipids, exopolysaccharides and carotenoids [135,136]. The accumulation of carotenoids in ‘A’, ‘B’ and ‘L’ 
race of B. braunii was reported by various authors [44,120-122,136-139]. B. braunii changes from green to brown, red orange and pale 
yellow due to the accumulation of secondary carotenoids. Carotenoids-β-carotene, echinenone, canthaxanthin, lutein, violaxanthin, 
loroxanthin, and neoxanthin are produced in ‘B’ and ‘L’ races in linear phase [138]. However, lutein is the major carotenoid (22-29%) 
reported in the linear phase of these races. Canthaxanthin and echinenone are the dominating carotenoids in the stationary phase [138]. 
Grung et al. [139] reported the presence of adonixanthin in ‘L’ race in stationary phase. Botryoxanthin-A [120], botryoxanthin-B, and 
α-botryoxanthin [121], braunixanthin 1 and 2 [122] are new carotenoids isolated from the ‘B’ race. Total carotenoid content in ‘A’ race of 
B. braunii was found to be 0.28% under sodium chloride stress conditions was reported by Ranga Rao et al. [6]. Carotenoids-violaxanthin, 
lutein, astaxanthin, zeaxanthin and β-carotene were characterized and quantified in ‘A’ race of B. braunii-LB-572 [44,140]. Biomarkers of 
12 carotenoids in B. braunii were reported by Muntean et al. [136], however, the major carotenoid lutein was identified in ‘A’ race [140]. 
Further these carotenoids are characterized and identified by mass spectra [137]. Hydroxylation of hydrocarbon carotenoids is known to 
be responsible for the formation of 3-hydroxy cyclic carotenoids and epoxy carotenoids. The presence of traces of β-carotene in B. braunii 
may therefore be related to the conversion of these molecules to lutein. This may be a reason for the higher content of lutein in this alga. 
This alga represents a potential source of lutein, a commercially interesting carotenoid of application in aquaculture and poultry farming, 
as well as in the prevention of diseases related to age related macular degeneration.

Source of Elicitor
Enhancement of secondary metabolites by elicitation is one of the new strategies which are gaining commercial application. Elicitors 

are chemical compounds, either biotic or abiotic, which on contact with higher plants trigger the production of secondary metabolites 
[141]. Secondary metabolite production in plant tissue culture system was enhanced by various microalgal extracts such as Spirulina, 
Haematococcus, Scenedesmus, Synechococcus, Nostoc and Botryococcus [142-146]. Similarly, B. braunii extracts had some bioactive 
principles responsible for increasing secondary metabolite production in plant culture system [142,143]. Recently, the effect of B. braunii 
extracts on the growth and secondary metabolite production in C. frutescens callus culture was evaluated by Sharma et al. [142]. In 
the results, increase in seed germination, root, shoot and leaf length in both light and dark conditions in C. frutescens over the control 
group. The total chlorophyll and carotenoid content increased 2 fold after 15 days in C. frutescens culture at 8 mg/L B. braunii extract 
was when compared with control group. Major metabolites-vanillin and vanillylamine are intermediates in the capsaicin biosynthesis 
pathway, increased during the experimental period and this was reflected in the enhancement of capsaicin in the extract-treated callus 
cultures. Both capsaicin and vanillin content were increased in the Capsicum suspension cultures by using B. braunii extracts as elicitor. 
Vanillylamine in 1.5-fold, capsaicin in 2.5-fold and vanillin in 2-fold were higher than the control group after incubation with B. braunii. 
Earlier B. braunii extracts showed growth-promoting effects on roots of Tagetes erecta at the 8ppm level reported by Murakami [143].

Biological Activity of B. braunii
Microalgae biomass is generally used in various applications such as food and feed applications. Since the biomass contains high 

value metabolites-carbohydrates, proteins, total carotenoids, phenolic, nucleic acids and fibre [147]. After extracting hydrocarbons and 
lipids from the biomass has high value co-products which have rich in nutritional benefits. It is used in various industrial applications 
such as aquaculture, poultry and nutraceutical in animal consumption. Microalgae products are available in the market with mixture 
of carotenoids; fatty acids which are utilized in the food industry. Algal biomass approved in commercial applications in several 
countries. Many research studies were conducted on use of algal biomass and carotenoids in food, feed and nutraceutical applications 
[134,148,149]. Microalgae B. braunii is known to produce high value compounds-carotenoids, fatty acids, lipids, polysaccharides 
and hydrocarbons from ‘A’, ‘B’ and ‘L’ races. Carotenoids-violaxanthin, astaxanthin, lutein, zeaxanthin, chlorophylls a and b, and α, 
β-carotene were identified in the B. braunii, among the carotenoids, lutein represents more than 75% of the total carotenoids. B. braunii 
extracts showed 70% antioxidant activity in DPPH and hydroxyl radical scavenging model systems and rat tissues at 10 ppm level of 
carotenoids [140]. Carotenoids in ‘A’ race of B. braunii showed biological activity in in vitro and in vivo models [137,140,150,151]. The 
antioxidant activity was enhanced in rats, due to the bioactive molecules in the biomass. Lutein in B. braunii biomass was enhanced 
bioavailability and antioxidant enzymes levels in rat tissues after feeding biomass as source of lutein [137,150]. Exoplolysaccharides (EPS) 
rich in Botryococcus braunii have various biological activities such as anti-adhesive against bacterial infections, cytotoxic effects and 
anti-tumor properties (Guzman Murillo and Ascencio, 2000). Antibacterial activity of B. braunii extracts were tested against important 
clinical bacterial isolates such as Bacillus subtilus, Bacillus cereus, Enterobacter aerogenes, Escherichia coli, Klebsiella pneumoniae, Listeria 
monocytogenes, Micrococcus luteus, Proteus mirabilis, Pseudomonas aeruginosa, Salmonella typhi, Staphylococcus aureus,Streptococcus 
fecalis and Yersinia enterocolitica using agar-well diffusion assay method reported by Ranga Rao et al. [147]. Results proved that the 
ethyl acetate extract was showed highest inhibition against E. aerogenes. Based on the published data, B. braunii extracts can be used as 
bacteriostatic agents for suitable applications.
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Conclusion
Based on the current studies, B. braunii produces higher amount of biomass, hydrocarbons, lipids and other bioactive constituents 

such as ether based lipids, fatty acids, polysaccharides and carotenoids which can be used for commercial applications. Various 
culture conditions were enhanced the growth, hydrocarbon content and other bioactive molecules in B. braunii. Raceway ponds and 
photobioreactors were developed for the scale-up studies. Contamination levels were minimized in culture by using photobioreactors. 
Hydrocarbon recovered by using various solvent extraction methods. Polysaccharides and carotenoids of B. braunii were showed 
biological properties in in vitro and in vivo models. B. braunii extracts used as elicitor in plant tissue culture system which enhanced 
secondary metabolite production in Capsicum frutescens. Algal hydrocarbons have high octane rate to use as motor fuel. B. braunii can 
removed nitrates and phosphates from the wastewater. The current chapter could provide the production of hydrocarbons and other 
bioactive constitutes from B. braunii and their use in industrial applications.

Acknowledgments
The first author thanks the University of Malaya, Kuala Lumpur, Malaysia for providing financial support for the research grant.

References
1. Wake LV, Hillen LW (1981) Nature and hydrocarbon content of the blooms of the alga Botryococcus braunii occurring in Australian fresh 

water lakes. Aust J Mar Freshwater Res 32: 353-367.

2. Volova TG, Kalacheva GS, Zhila NO (2003) Specificity of Lipid Composition in Two Botryococcus Strains, the Producers of Liquid 
Hydrocarbons. Russian J Plant Physiol 50: 627-633.

3. Metzger P, Largeau C (2005) Botryococcus braunii: a rich source for hydrocarbons and related ether lipids. Appl Microbiol Biotechnol 
66: 486-496.

4. Sawayama S, Inoue S, Yokoyama S (1995) Phylogenetic position of Botryococcus braunii based on small subunit of ribosomal RNA 
sequence data. J Phycol 31: 419-420.

5. Dayananda C, Sarada R, Bhattacharya S, Ravishankar GA (2005) Effect of media and culture conditions on growth and hydrocarbon 
production by Botryococcus braunii. Process Biochem 40: 3125- 3131.

6. Sarada R, Ranga Rao A, Sandesh BK, Dayananda C, Anila N (2012) Influence of different culture conditions on yield of biomass and 
value added products in microalgae. Dyn Biochem Process Biotechnol Mol Biol 6: 77-85.

7. Rao AR, Dayananda C, Sarada R, Shamala TR, Ravishankar GA (2007) Effect of salinity on growth of green alga Botryococcus braunii 
and its constituents. Bioresour Technol 98: 560-564.

8. Ranga Rao A, Sarada R, Ravishankar GA (2007) Influence of CO2 on growth and hydrocarbon production in Botryococcus braunii. J 
Microbiol Biotechnol 17: 414-419.

9. Banerjee A, Sharma R, Chisti Y, Banerjee UC (2002) Botryococcus braunii: a renewable source of hydrocarbons and other chemicals. 
Crit Rev Biotechnol 22: 245-279.

10. Barupal DK, Kind T, Kothari SL, Lee do Y, Fiehn O (2010) Hydrocarbon phenotyping of algal species using pyrolysis-gas chromatography 
mass spectrometry. BMC Biotechnol 10: 40.

11. Metzger P, Largeau C (1999) Chemicals of Botryococcus braunii. In: Cohen Z (Ed) Chemicals from microalgae. Taylor & Francis, 
London, pp: 205-260.

12. Dayananda C, Sarada R, Usha Rani M, Shamala TR, Ravishankar GA (2007) Autotrophic cultivation of Botryococcus braunii for the 
production of hydrocarbons and exopolysaccharides in various media. Biomass Bioener 31: 87-93.

13. Ranga Rao A, Ravishankar GA, Sarada R (2012) Cultivation of green alga Botryococcus braunii in raceway, circular ponds under 
outdoor conditions and its growth, hydrocarbon production. Bioresour Technol 123: 528-533.

14. Casadevall E, Dif D, Largeau C, Gudin C, Chaumont D, et al. (1985) Studies on batch and continuous cultures of Botryococcus braunii: 
hydrocarbon production in relation to physiological state, cell ultrastructure, and phosphate nutrition. Biotechnol Bioeng 27: 286-295.

15. Senousy HH, Beakes GW, Hack E (2004) Phylogenetic placement of Botryococcus braunii (Trebouxiophyceae) and Botryococcus 
sudeticus isolate UTEX 2629 (Chlorophyceae). J Phycol 40: 412-423.

16. Weiss TL, Johnston JS, Fujisawa K, Okada S, Devarenne TP (2011) Genome size and phylogenetic analysis of the A and L races of 
Botryococcus braunii. J Appl Phycol 23: 833-839.

17. Metzger P, Pouet Y (1995) n-Alkyl pyrogallol dimethyl ethers, aliphatic diol monoesters and some minor ether lipids from Botryococcus 
braunii a race. Phytochem 40: 543-554.

18. Casadevall E, Metzger P, Puech MP (1984) Biosynthesis of triterpenoid hydrocarbons in the alga Botryococcus braunii. Tetrahedron 
Lett 25: 4123–4126.

19. Sato Y, Ito Y, Okada S, Murakami M, Abe H (2003) Biosynthesis of the triterpenoids, botryococcenes and tetramethylsqualene in the B 
race of Botryococcus braunii via the non-mevalonate pathway. Tetrahedron Lett 44: 7035–7037.

20. Schwender J, Seemann M, Lichtenthaler HK, Rohmer M (1996) Biosynthesis of isoprenoids (carotenoids, sterols, prenyl side-chains 
of chlorophylls and plastoquinone) via a novel pyruvate/glyceraldehyde 3-phosphate non-mevalonate pathway in the green alga 
Scenedesmus obliquus. Biochem J 316: 73-80.

21. Poulter CD (1990) Biosynthesis of non-head-to-tail terpenes. Formation of 1’-1 and 1’-3 linkages. Acc. Chem. Res. 23: 70-77.

22. Inoue H, Korenaga T, Sagami H, Koyama T, Ogura K (1994) Phosphorylation of farnesol by a cell-free system from Botryococcus braunii. 
Biochem Biophys Res Commun 200: 1036-1041.

23. Inoue H, Sagami H, Koyama T, Ogura K (1995) Properties of farnesol phosphokinase of Botryococcus braunii. Phytochem 40: 377-381.

24. Inoue H, Korenaga T, Sagami H, Koyama T, Sugiyama H, et al. (1993) Formation of farnesal and 3-hydroxy-2,3-dihydrofarnesal from 
farnesol by protoplasts of Botryococcus braunii. Biochem Biophys Res Commun 196: 1401-1405.

http://www.publish.csiro.au/paper/MF9810353.htm
http://www.publish.csiro.au/paper/MF9810353.htm
http://link.springer.com/article/10.1023%2FA%3A1025636007023
http://link.springer.com/article/10.1023%2FA%3A1025636007023
http://www.ncbi.nlm.nih.gov/pubmed/15630516
http://www.ncbi.nlm.nih.gov/pubmed/15630516
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1995.00419.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1995.00419.x/abstract
http://www.deepdyve.com/lp/elsevier/effect-of-media-and-culture-conditions-on-growth-and-hydrocarbon-qmdLc5oBak
http://www.deepdyve.com/lp/elsevier/effect-of-media-and-culture-conditions-on-growth-and-hydrocarbon-qmdLc5oBak
http://www.globalsciencebooks.info/JournalsSup/12DBPBMB_6_SI2.html
http://www.globalsciencebooks.info/JournalsSup/12DBPBMB_6_SI2.html
http://www.ncbi.nlm.nih.gov/pubmed/16782327
http://www.ncbi.nlm.nih.gov/pubmed/16782327
http://www.ncbi.nlm.nih.gov/pubmed/18050944
http://www.ncbi.nlm.nih.gov/pubmed/18050944
http://www.ncbi.nlm.nih.gov/pubmed/12405558
http://www.ncbi.nlm.nih.gov/pubmed/12405558
http://www.ncbi.nlm.nih.gov/pubmed/20492649
http://www.ncbi.nlm.nih.gov/pubmed/20492649
http://www.sciencedirect.com/science/article/pii/S0961953406001152
http://www.sciencedirect.com/science/article/pii/S0961953406001152
http://www.ncbi.nlm.nih.gov/pubmed/22940364
http://www.ncbi.nlm.nih.gov/pubmed/22940364
http://www.ncbi.nlm.nih.gov/pubmed/18553671
http://www.ncbi.nlm.nih.gov/pubmed/18553671
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.2004.03173.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.2004.03173.x/abstract
http://link.springer.com/article/10.1007/s10811-010-9586-7
http://link.springer.com/article/10.1007/s10811-010-9586-7
http://www.sciencedirect.com/science/article/pii/003194229500053A
http://www.sciencedirect.com/science/article/pii/003194229500053A
http://www.sciencedirect.com/science/article/pii/S0040403901901984
http://www.sciencedirect.com/science/article/pii/S0040403901901984
http://www.sciencedirect.com/science/article/pii/S0040403903017842
http://www.sciencedirect.com/science/article/pii/S0040403903017842
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1217352/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1217352/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1217352/
http://pubs.acs.org/doi/abs/10.1021/ar00171a003
http://www.ncbi.nlm.nih.gov/pubmed/8179579
http://www.ncbi.nlm.nih.gov/pubmed/8179579
http://www.sciencedirect.com/science/article/pii/003194229500285F
http://www.ncbi.nlm.nih.gov/pubmed/8250896
http://www.ncbi.nlm.nih.gov/pubmed/8250896


O
M

IC
S

 G
ro

up
 e

B
oo

ks

0014

25. Okada S, Devarenne TP, Murakami M, Abe H, Chappell J (2004) Characterization of botryococcene synthase enzyme activity, a 
squalene synthase-like activity from the green microalga Botryococcus braunii, Race B. Arch Biochem Biophys 422: 110-118.

26. White JD, Somers TC, Reddy GN (1986) The absolute configuration of (-)-botryococcene. J Am Chem Soc 108: 5352-5353.

27. White JD, Somers TC, Reddy GN (1992) Degradation and absolute configurationally assignment to C34 botryococcene. J Org Chem 
57: 4991-4998.

28. Jarstfer MB, Zhang DL, Poulter CD (2002) Recombinant squalene synthase. Synthesis of non-head-to-tail isoprenoids in the absence of 
NADPH. J Am Chem Soc 124: 8834-8845.

29. Metzger P, Casadevall E, Pouet MJ, Pouet Y (1985) Structure of some botryococcenes: branched hydrocarbons from the B race of the 
green alga Botryococcus braunii. Phytochem 24: 2995-3002.

30. Huang Z, Poulter CD (1989) Tetramethylsqualene, a triterpene from Botryococcus braunii var. Showa. Phytochem 8: 1467-1470.

31. Metzger P, Berkaloff C, Casadevall E, Coute A (1985) Alkadiene and botryococcene producing races of wild strains of Botryococcus 
braunii. Phytochem 24: 2305-2312.

32. Okada S, Murakami M, Yamaguchi K (1995) Hydrocarbon composition of newly isolated strains of the green microalga Botryococcus 
braunii. J Appl Phycol 7: 555-559.

33. Metzger P, Casadevall E (1987) Lycopadiene, a tetraterpenoid hydrocarbon from new strains of the green alga Botryococcus braunii. 
Tetrahedron Lett 28: 3931-3934.

34. Dayananda C, Sarada R, Shamala TR, Ravishankar GA (2006) Influence of nitrogen sources on growth, hydrocarbon and fatty acid 
production by Botryococcus braunii. Asian J Plant Sci 5: 799-804.

35. Ruangsomboon S (2012) Effect of light, nutrient, cultivation time and salinity on lipid production of newly isolated strain of the green 
microalga, Botryococcus braunii KMITL 2. Bioresour Technol 109: 261-265.

36. Yeesang C, Cheirsilp B (2011) Effect of nitrogen, salt, and iron content in the growth medium and light intensity on lipid production by 
microalgae isolated from freshwater sources in Thailand. Bioresour Technol 102: 3034-3040.

37. Zhu X, Ye L, Xu J, Huang H, Lin E (2013) Effects of Different Light Quality on Growth Rate and Accumulation of Organics in Botryococcus 
braunii. Bioprocess 3: 17-22.

38. Wong MT, Zhang D, Li J, Hui RK, Tun HM, et al. (2013) Towards a metagenomic understanding on enhanced biomethane production 
from waste activated sludge after pH 10 pretreatment. Biotechnol Biofuels 6: 38.

39. Ren HY, Liu BF, Ma C, Zhao L, Ren NQ (2013) A new lipid-rich microalga Scenedesmus sp. strain R-16 isolated using Nile red staining: 
effects of carbon and nitrogen sources and initial pH on the biomass and lipid production. Biotechnol Biofuels 6: 143.

40. Demura M, Ioki M, kawachi M, Nakajima N, Watanabe M (2013) Desciccation tolerance of Botryococcus braunii (Trebouxiophyceae, 
Chlorophyta) and extreme termperature tolerance of dehydrated cells. J Appl Phycol.

41. Gustavs L, Eggert A, Michalik D, Karsten U (2010) Physiological and biochemical responses of green microalgae from different habitats 
to osmotic and matric stress. Protoplasma 243: 3-14.

42. Yoshimura T, Okada S, Honda M (2013) Culture of the hydrocarbon producing microalga Botryococcus braunii strain Showa: optimal 
CO2, salinity, temperature, and irradiance conditions. Bioresour Technol 133: 232-239.

43. Renaud SM, Thinh LV, Lambrinidis G, Parry DL (2002) Effect of temperature on growth, chemical composition and fatty acid composition 
of tropical Australian microalgae grown in batch cultures. Aquaculture, 211: 195-214.

44. Ranga Rao A, Sarada R, Ravishankar GA (2010) Enhancement of carotenoids in green alga-Botryococcus braunii in various autotrophic 
media under stress conditions. International J of Biomed Pharma Sciences 5: 87-92.

45. Solovchenko A, Khozin-Goldberg I, Didi-Cohen S, Cohen Z, Merzlyak M (2008) Effects of light intensity and nitrogen starvation on 
growth, total fatty acids and arachidonic acid in the green microalga Parietochloris incisa. J Appl Phycol 20: 245-251.

46. Wolf FR, Nonomura AM, Bassham JA (1985) Growth and branched hydrocarbon production in a strain of Botryococcus braunii 
(Chlorophyta). J Phycol 21: 388-396.

47. Ge Y, Liu J, Tian G (2011) Growth characteristics of Botryococcus braunii 765 under high CO2 concentration in photobioreactor. Bioresour 
Technol 102: 130-134.

48. Choi GG, Kim BH, Ahn CY, Oh HM (2011) Effect of nitrogen limitation on oleic acid biosynthesis in Botryococcus braunii. J Appl Phycol 
23: 1031-1037.

49. Zhila NO, Kalacheva GS, Volova TG (2005) Effect of nitrogen limitation on the growth and lipid composition of the green alga Botryococcus 
braunii Kutz IPPAS H-252. Russ J Plant Physiol 52: 311-319.

50. Ohmori M, Wolf FR, Bassham JA (1984) Botryococcus braunii carbon/nitrogen metabolism as affected by ammonia addition. Arch 
Microbiol 140: 101-106.

51. Sun KF, Hu ZX, Duan SS (2010) Effects of nitrogen and phosphorus stress on the growth of Botryococcus braunii. Acta Hydrobil Sin 3: 
517-524.

52. Converti A, Casazza AA, Ortiz EY, Perego P, Del Borghi M (2009) Effect of temperature and nitrogen concentration on the growth and 
lipid content of Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. Chem Eng Process 48: 1146-1151.

53. Hu Q (2004) Environmental effects on cell composition. In: Richmond A (ed.), Handbook of Microalgal Culture: Biotechnology and 
Applied Phycology. Blackwell Science, Victoria, 83-94.

54. Chen CY, Chang JS, Chang HY, Chen TY, Wu JH (2013) Enhancing microalgal oil/lipid production from Chlorella sorokiniana CY1 using 
deep-sea water supplemented cultivation medium. Biochem Eng J 77: 74-81.

55. Ben-Amotz A, Tornabene TG, Thomas WH (1985) Chemical profile of selected species of microalgae with emphasis on lipids. J Phycol 
1: 72-181.

56. Vazquez Duhalt R, Arredondo-Vega BO (1991) Haloadaptation of the green alga Botryococcus braunii (race a). Phytochem 30: 2919-
2925.

http://www.ncbi.nlm.nih.gov/pubmed/14725863
http://www.ncbi.nlm.nih.gov/pubmed/14725863
http://pubs.acs.org/doi/abs/10.1021/ja00277a054
http://pubs.acs.org/doi/abs/10.1021/jo00044a039
http://pubs.acs.org/doi/abs/10.1021/jo00044a039
http://www.ncbi.nlm.nih.gov/pubmed/12137536
http://www.ncbi.nlm.nih.gov/pubmed/12137536
http://www.sciencedirect.com/science/article/pii/0031942285800431
http://www.sciencedirect.com/science/article/pii/0031942285800431
http://www.researchgate.net/publication/248224399_Tetramethylsqualene_a_triterpene_from_Botryococcus_braunii_var._showa
http://www.sciencedirect.com/science/article/pii/S0031942200830320
http://www.sciencedirect.com/science/article/pii/S0031942200830320
http://link.springer.com/article/10.1007%2FBF00003942
http://link.springer.com/article/10.1007%2FBF00003942
http://www.sciencedirect.com/science/article/pii/S0040403900964232
http://www.sciencedirect.com/science/article/pii/S0040403900964232
http://www.researchgate.net/publication/26442540_Influence_of_Nitrogen_Sources_on_Growth_Hydrocarbon_and_Fatty_Acid_Production_by_Botryococcus_braunii
http://www.researchgate.net/publication/26442540_Influence_of_Nitrogen_Sources_on_Growth_Hydrocarbon_and_Fatty_Acid_Production_by_Botryococcus_braunii
http://www.ncbi.nlm.nih.gov/pubmed/21803571
http://www.ncbi.nlm.nih.gov/pubmed/21803571
http://www.ncbi.nlm.nih.gov/pubmed/20980142
http://www.ncbi.nlm.nih.gov/pubmed/20980142
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=21645566&AN=91845707&h=Hk2oEil9Kwe1c73AiXkB3B5pkmub41efQyltO3diGXC5w9WRGhhRRAKwJVC%2frZOLhRYFtWMJRsyiSNMHglZccA%3d%3d&crl=c
http://web.b.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=21645566&AN=91845707&h=Hk2oEil9Kwe1c73AiXkB3B5pkmub41efQyltO3diGXC5w9WRGhhRRAKwJVC%2frZOLhRYFtWMJRsyiSNMHglZccA%3d%3d&crl=c
http://www.ncbi.nlm.nih.gov/pubmed/23506434
http://www.ncbi.nlm.nih.gov/pubmed/23506434
http://www.ncbi.nlm.nih.gov/pubmed/24093331
http://www.ncbi.nlm.nih.gov/pubmed/24093331
http://link.springer.com/article/10.1007%2Fs10811-013-0059-7
http://link.springer.com/article/10.1007%2Fs10811-013-0059-7
http://www.ncbi.nlm.nih.gov/pubmed/19585217
http://www.ncbi.nlm.nih.gov/pubmed/19585217
http://www.ncbi.nlm.nih.gov/pubmed/23428820
http://www.ncbi.nlm.nih.gov/pubmed/23428820
http://www.sciencedirect.com/science/article/pii/S0044848601008754
http://www.sciencedirect.com/science/article/pii/S0044848601008754
http://www.researchgate.net/publication/235352513_Enhancement_of_carotenoids_in_green_alga-Botryococcus_braunii_in_various_autotrophic_media_under_stress_conditions
http://www.researchgate.net/publication/235352513_Enhancement_of_carotenoids_in_green_alga-Botryococcus_braunii_in_various_autotrophic_media_under_stress_conditions
http://link.springer.com/article/10.1007%2Fs10811-007-9233-0
http://link.springer.com/article/10.1007%2Fs10811-007-9233-0
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1985.00388.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1985.00388.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/20584602
http://www.ncbi.nlm.nih.gov/pubmed/20584602
http://link.springer.com/article/10.1007%2Fs10811-010-9636-1#page-1
http://link.springer.com/article/10.1007%2Fs10811-010-9636-1#page-1
http://link.springer.com/article/10.1007%2Fs11183-005-0047-0
http://link.springer.com/article/10.1007%2Fs11183-005-0047-0
http://link.springer.com/article/10.1007%2FBF00454910#page-1
http://link.springer.com/article/10.1007%2FBF00454910#page-1
http://pub.chinasciencejournal.com/article/getArticle.action?articleId=14515
http://pub.chinasciencejournal.com/article/getArticle.action?articleId=14515
http://www.sciencedirect.com/science/article/pii/S0255270109000415
http://www.sciencedirect.com/science/article/pii/S0255270109000415
http://www.researchgate.net/publication/227577559_Environmental_Effects_on_Cell_Composition
http://www.researchgate.net/publication/227577559_Environmental_Effects_on_Cell_Composition
http://www.sciencedirect.com/science/article/pii/S1369703X13001599
http://www.sciencedirect.com/science/article/pii/S1369703X13001599
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1985.00072.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1985.00072.x/abstract
http://www.sciencedirect.com/science/article/pii/S0031942200982256
http://www.sciencedirect.com/science/article/pii/S0031942200982256


O
M

IC
S

 G
ro

up
 e

B
oo

ks

0015

57. Furuhashi K, Saga K, Okada S, Imou K (2013) Seawater-cultured Botryococcus braunii for efficient hydrocarbon extraction. PLoS One 
8: 66483.

58. Zhila N, Kalacheva G, Volova T (2011) Effect of salinity on the biochemical composition of the alga Botryococcus braunii Kütz IPPAS 
H-252. J Appl Phycol 23: 47-52.

59. Demirbas A, Fatih Demirbas M (2011) Importance of algae oil as a source of biodiesel. Energy Convers Manage 52: 163-170.

60. Brennan L, Owende P (2010) Biofuels from micro-algae- a review of technologies for production, processing, and extractions of biofuels 
and coproducts. Renew Sust Energy Revew 14: 557-577.

61. Chisti Y (2007) Biodiesel from microalgae. Biotechnol Adv 25: 294-306.

62. Borowitzka M (2013) Techno-economic modelling for biofuels from microalgae, In: Algae for Biofuels and Energy. Springer Dordrecht 
255-264.

63. Mutanda T, Ramesh D, Karthikeyan S, Kumari S, Anandraj A, et al. (2011) Bioprospecting for hyper-lipid producing microalgal strains for 
sustainable biofuel production. Bioresour Technol 102: 57-70.

64. Wang H, Zhang W, Chen L, Wang J, Liu T (2013) The contamination and control of biological pollutants in mass cultivation of microalgae. 
Bioresour Technol 128: 745-750.

65. Mendes LBB, Vermelho AB (2013) Allelopathy as a potential strategy to improve microalgae cultivation. Biotechnology for Biofuels 6: 
152.

66. Ranga Rao A, Yingchun G, Hu Z, Sommerfeld M, Hu, Q (2012) Comparative study of predators in mass cultures of Chlorella zofingiensis, 
Scenedesmus dimorphus and Nannochloropsis oceanica in ponds and photobioreactors. Algal Biomass Organization, Colorado, USA.

67. Wang J, Han D, Sommerfeld MR, Lu C, Hu Q (2012) Effect of initial biomass density on growth and astaxanthin production of 
Haematococcus pluvialis in an outdoor photobioreactor. J App Phycol 25: 253-260.

68. Becerra Dorame MJ, Lopez Elizas JA, Ocana FE, Aldaz NH, Voltolina D (2010) The effect of initial cell and nutrient concentrations on 
the growth and biomass production of outdoor cultures of Dunaliella sp. Ann Bot Fennici 47: 109-112.

69. Ashokkumar V, Rengasamy R (2012) Mass culture of Botryococcus braunii Kutz. under open raceway pond for biofuel production. 
Bioresour Technol 104: 394-399.

70. Dayananda, C, Kumudha A, Sarada R, Ravishankar GA (2010) Isolation, characterization and outdoor cultivation of green microalgae 
Botryococcus sp. Sci Res Essays 5: 2497-2505.

71. Acien Fernandez FG, Fernandez Sevilla JM, Molina Grima E (2013) Photobioreactors for the production of microalgae. Rev Environ Sci 
Biotehnol 12: 131-151.

72. Acien Fernandez FG, Fernández Sevilla JM, Sánchez Pérez JA, Molina Grima, E, Chisti Y (2001) Airlift-driven external-loop tubular 
photobioreactors for outdoor production of microalgae: assessment of design and performance. Chem Eng Sci 56: 2721-2732.

73. Mata TM, Martins AA, Caetano NS (2010) Microalgae for biodiesel production and other applications: A review. Renew Sustain Ener 
Rev 14: 217-232.

74. Grobbelaar JU (2009) Factors governing algal growth in photobioreactors: the ‘open’ versus ‘closed’ debate. J Appl Phycol 21: 489-492.

75. Grobbelaar JU (2010) Microalgal biomass production: challenges and realities. Photosynth Res 106: 135-144.

76. Richmond (2004) Principles for attaining maximal microalgal productivity in photobioreactors: an overview. Hydrobiologia 512: 33-37.

77. Miron AS, Camacho FG, Gómez AC, Grima EM, Chisti Y (2000) Bubble column and airlift photobioreactors for algal culture. AIChE J 
46: 1872-1887.

78. Miron AS, Gómez AC, Camacho FG, Grima EM, Chisti Y (1999) Comparative evaluation compact photobioreactors for large-scale 
monoculture of microalgae. J Biotechnol 70: 249-270.

79. Molina E, Fernández FGA, Camacho FG, Chisti Y (1999) Photobioreactors: light regime, mass transfer, and scale up. J Biotechnol 70: 
231-247.

80. Xu L, Liu R, Wang F, Liu CZ (2012) Development of a draft-tube airlift bioreactor for Botryococcus braunii with an optimized inner 
structure using computational fluid dynamics. Bioresour Technol 119: 300-305.

81. Garcia-Malea Lopez MC, Del Rio Sanchez E, Casas Lopez JL, Acien Fernandez FG, Fernandez Sevilla JM, et al. (2006) Comparative 
analysis of the outdoor culture of Haematococcus pluvialis in tubular and bubble column photobioreactors. J Biotechnol 123: 329-342.

82. Converti A, Lodi A, Del Borghi A, Solisio C (2006) Cultivation of Spirulina platensis in a combined airlift-tubular system. Biochem Eng J 
32: 13-18.

83. Kunjapur AM, Eldridge RB (2010) Photobioreactor design for commercial biofuel production. Ind Eng Chem Res 49: 3516-3526.

84. Posten C (2009) Design principles of photo-bioreactors for cultivation of micro-algae. Eng Life Sci 9: 165-177.

85. Briassoulis D, Panagakis P, Chionidis M, Tzenos D, Lalos A, et al. (2010) An experimental helical-tubular photobioreactor for continuous 
production of Nannochloropsis sp. Bioresour Technol 101: 6768-6777.

86. Carvalho AP, Silva SO, Baptista JM, Malcata FX (2011) Light requirements in microalgal photobioreactors: an overview of biophotonic 
aspects. Appl Microbiol Biotechnol 89: 1275-1288.

87. Hu Q, Guterman H, Richmond A (1996) A flat inclined modular photobioreactor for outdoor mass cultivation of photoautotrophs. 
Biotechnol Bioeng 51: 51-60.

88. Qiang H, Richmond A (1996) Productivity and photosynthetic efficiency of Spirulina plntensis as affected by light intensity, algal density 
and rate of mixing in a flat plate photobioreactor. J Appl Phycol 8: 139-145.

89. Zou N, Richmond A (1999) Effect of light path length in oudoor flat plate reactors on output rate of cell mass and of EPA in Nannochlorophsis 
sp. J Biotechnol 70: 351-356.

90. Kojima E, Zhang K (1999) Growth and hydrocarbon production of microalga Botryococcus braunii in bubble column photobioreactors. J 
Biosci Bioeng 87: 811-815.

http://www.ncbi.nlm.nih.gov/pubmed/23799107
http://www.ncbi.nlm.nih.gov/pubmed/23799107
http://link.springer.com/article/10.1007%2Fs10811-010-9532-8#page-1
http://link.springer.com/article/10.1007%2Fs10811-010-9532-8#page-1
http://www.sciencedirect.com/science/article/pii/S0196890410002761
http://www.sciencedirect.com/science/article/pii/S1364032109002408
http://www.sciencedirect.com/science/article/pii/S1364032109002408
http://www.ncbi.nlm.nih.gov/pubmed/17350212
http://link.springer.com/chapter/10.1007/978-94-007-5479-9_15#page-1
http://link.springer.com/chapter/10.1007/978-94-007-5479-9_15#page-1
http://www.ncbi.nlm.nih.gov/pubmed/20624676
http://www.ncbi.nlm.nih.gov/pubmed/20624676
http://www.ncbi.nlm.nih.gov/pubmed/23186675
http://www.ncbi.nlm.nih.gov/pubmed/23186675
http://www.biotechnologyforbiofuels.com/content/6/1/152
http://www.biotechnologyforbiofuels.com/content/6/1/152
http://link.springer.com/article/10.1007%2Fs10811-012-9859-4#page-1
http://link.springer.com/article/10.1007%2Fs10811-012-9859-4#page-1
http://www.sekj.org/PDF/anb47-free/anb47-109.pdf
http://www.sekj.org/PDF/anb47-free/anb47-109.pdf
http://www.ncbi.nlm.nih.gov/pubmed/22115530
http://www.ncbi.nlm.nih.gov/pubmed/22115530
http://www.researchgate.net/publication/235352498_Isolation_characterization_and_outdoor_cultivation_of_green_microalgae_Botryococcus_sp
http://www.researchgate.net/publication/235352498_Isolation_characterization_and_outdoor_cultivation_of_green_microalgae_Botryococcus_sp
http://link.springer.com/article/10.1007%2Fs11157-012-9307-6#page-1
http://link.springer.com/article/10.1007%2Fs11157-012-9307-6#page-1
http://www.sciencedirect.com/science/article/pii/S0009250900005212
http://www.sciencedirect.com/science/article/pii/S0009250900005212
http://www.sciencedirect.com/science/article/pii/S1364032109001646
http://www.sciencedirect.com/science/article/pii/S1364032109001646
http://link.springer.com/article/10.1007%2Fs10811-008-9365-x#page-1
http://www.ncbi.nlm.nih.gov/pubmed/20582473
http://link.springer.com/article/10.1023%2FB%3AHYDR.0000020365.06145.36#page-1
http://onlinelibrary.wiley.com/doi/10.1002/aic.690460915/abstract
http://onlinelibrary.wiley.com/doi/10.1002/aic.690460915/abstract
http://www.sciencedirect.com/science/article/pii/S0168165699000796
http://www.sciencedirect.com/science/article/pii/S0168165699000796
http://www.sciencedirect.com/science/article/pii/S0168165699000784
http://www.sciencedirect.com/science/article/pii/S0168165699000784
http://www.ncbi.nlm.nih.gov/pubmed/22750496
http://www.ncbi.nlm.nih.gov/pubmed/22750496
http://www.ncbi.nlm.nih.gov/pubmed/16406158
http://www.ncbi.nlm.nih.gov/pubmed/16406158
http://www.sciencedirect.com/science/article/pii/S1369703X06002178
http://www.sciencedirect.com/science/article/pii/S1369703X06002178
http://www.che.utexas.edu/eldridge-group/pdf/Aditya.pdf
http://onlinelibrary.wiley.com/doi/10.1002/elsc.200900003/pdf
http://www.ncbi.nlm.nih.gov/pubmed/20400300
http://www.ncbi.nlm.nih.gov/pubmed/20400300
http://www.ncbi.nlm.nih.gov/pubmed/21181149
http://www.ncbi.nlm.nih.gov/pubmed/21181149
http://www.ncbi.nlm.nih.gov/pubmed/18627087
http://www.ncbi.nlm.nih.gov/pubmed/18627087
http://link.springer.com/article/10.1007%2FBF02186317#page-1
http://link.springer.com/article/10.1007%2FBF02186317#page-1
http://www.sciencedirect.com/science/article/pii/S0168165699000875
http://www.sciencedirect.com/science/article/pii/S0168165699000875
http://www.ncbi.nlm.nih.gov/pubmed/16232559
http://www.ncbi.nlm.nih.gov/pubmed/16232559


O
M

IC
S

 G
ro

up
 e

B
oo

ks

0016

91. Weissman JC, Goebel RP, Benemann JR (1988) Photobioreactor design: Mixing, carbon utilization, and oxygen accumulation. Biotechnol 
Bioeng 31: 336-344.

92. Magota A, Saga K, Okada S, Atobe S, Imou K (2012) Effect of thermal pretreatments on hydrocarbon recovery from Botryococcus 
braunii. Bioresour Technol 123: 195-198.

93. Frenz J, Largeau C, Casadevall E, Kollerup F, Daugulis AJ (1989) Hydrocarbon recovery and biocompatibility of solvents for extraction 
from cultures of Botryococcus braunii. Biotechnol Bioeng 34: 755-762.

94. Frenz J, Largeau C, Casadevall E (1989) Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized 
cultures of Botryococcus braunii. Enzym Microb Technol 11: 717-724.

95. Choi SP, Bahn SH, Sim SJ (2013) Improvement of hydrocarbon recovery by spouting solvent into culture of Botryococcus braunii. 
Bioprocess Biosyst Eng 36: 1977-1985.

96. Sim SJ, An JY, Kim BW (2001) Two-phase extraction culture of Botryococcus braunii producing long-chain unsaturated hydrocarbons. 
Biotechnol Lett 23: 201-205.

97. An JY, Sim SJ, Kim BW, Lee JS (2004) Improvement of hydrocarbon recovery by two-stage cell-recycle extraction in the cultivation of 
Botryococcus braunii. J Microbiol Biotechnol 14: 932-937.

98. Eroglu E, Melis A (2010) Extracellular terpenoid hydrocarbon extraction and quantitation from the green microalgae Botryococcus braunii 
var. Showa. Bioresour Technol 101: 2359-2366.

99. Mendes RL, Nobre BP, Cardoso MT, Pereira AP, Palavra AF (2003). Supercritical carbon dioxide extraction of compounds with 
pharmaceutical importance from microalgae. Inorg Chim Acta, 356: 328-334.

100. Mendes RL, Coelho JP, Fernandes HL, Marrucho IJ, Cabral JMS (1995) Applications of supercritical CO2 extraction to microalgae and 
plants. J Chem Technol Biotechnol 62: 53-59.

101. Deng L, Senseman SA, Gentry TJ, Zuberer D, Weiss TL (2012) Effect of selected herbicides on growth and hydrocarbon content of 
Botryococcus braunii (Race B). Ind Crop Prod 39: 154-161.

102. Kanda H, Li P, Yoshimura T, Okada S (2013) Wet extraction of hydrocarbons from Botryococcus braunii by dimethyl ether as compared 
with dry extraction by hexane. Fuel 105: 535-539.

103. Gelpi E, Schneider H, Mann J, Oro J (1970) Hydrocarbons of geochemical significance in microscopic algae. Phytochem 9: 603-612.

104. Metzger P, Templier J, Largeau C, Casadevall E (1986) An nalkatriene and some n-alkadienes from the A race of the green alga 
Botryococcus braunii. Phytochem 25: 1869-1872.

105. Templier J, Largeau C, Casadevall E (1984) Mechanism of non-isoprenoid hydrocarbon biosynthesis in Botryococcus braunii. 
Phytochem 23: 1017-1028.

106. Templier J, Largeau C, Casadevall E (1987) Effect of various inhibitors on biosynthesis of non-isoprenoid hydrocarbon biosynthesis in 
Botryococcus braunii. Phytochem 26: 377-383.

107. Achitouv E, Metzger P, Rager MN, Largeau C (2004) C31-C34 methylated squalenes from a Bolivian strain of Botryococcus braunii. 
Phytochemistry 65: 3159-3165.

108. Brown AG, Knights BA (1969) Hydrocarbon content and its relationship to physiological state in the green alga Botryococcus braunii. 
Phytochem 8: 543-547.

109. Metzger P, Allard B, Casadevall E, Berkaloff C, Coute A (1990) Structure and chemistry of a new chemical race of Botryococcus 
braunii(chlorophyceae) that produces lycopadiene, a tetraterpenoid hydrocarbon. J Phycol 26: 258-266.

110. Metzger P (1999) Two terpenoid diepoxides from the green microalga Botryococcus braunii: their biomimetic conversion to 
tetrahydrofurans and tetrahydropyrans. Tetrahedron 55: 167-176.

111. Sarada R, Dayananda C, Ranga Rao A, Shamala TR, Srinivas P (2012) Saturated and unsaturated hydrocarbon production from 
Botryococcus braunii spp. from Indian freshwater bodies and culture collection centers. In: Sahoo DB, Kaushik BD (eds). Algal 
Biotechnology and Environment. (1stedn), I.K. International Publishing House, Vedams eBooks (P) Ltd, New Delhi, India.

112. Metzger P, Villarreal-Rosales E, Casadevall E (1991) Methyl branched fatty aldehydes and fatty acids in Botryococcus braunii. 
Phytochem 30: 185-191.

113. Wang X, Kolattukudy PE (1995) Solubilization and purification of aldehyde-generating fatty acyl-CoA reductase from green alga 
Botryococcus braunii. FEBS Lett 370: 15-18.

114. Dayananda C, Sarada R, Srinivas P, Shamala TR, Ravishankar GA (2006) Presence of methyl branched fatty acids and saturated 
hydrocarbons in botryococcene producing strain of Botryococcus braunii. Acta Physiol Plant 28: 251-256.

115. Metzger P, Casadevall E (1991) Botryococcoid ethers, ether lipids from Botryococcus braunii. Phytochem 30: 1439-1444.

116. Metzger P, Casadevall E (1992) Ether lipids from Botryococcus braunii and their biosynthesis. Phytochem 31: 2341-2349.

117. Metzger P, Largeau C (1994) A new type of ether lipid comprising phenolic moieties in Botryococcus braunii. Chemical structure and 
abundance, and geochemical implications. Org Geochem 22: 801-814.

118. Villarreal-Rosales E, Metzger P, Casadevall E (1992) Ether lipid production in relation to growth in Botryococcus braunii. Phytochem 
31: 3021-3027.

119. Metzger P, Rager MN (2002) Lycopanerols H, two high molecular weight ether lipids from Botryococcus braunii comprising an 
a-tocopherol unit. Tetrahedron Lett 43: 2377-2380.

120. Okada S, Mastuda M, Murakami M, Yamaguchi K (1996) Botryoxanthin-A a new member of the new class of carotenoids from green 
microalga Botryococcus braunii, Berkeley. Tetrahedron Lett 37: 1065-1068.

121. Okada S, Tonegawa I, Mastuda M, Murakami M, Yamaguchi K (1998) Botryoxanthin-B and alpha botryoxanthin-A from green microalga 
Botryococcus braunii. Phytochem 47: 1111-1115.

122. Okada S, Tonegawa I, Mastuda M, Murakami M, Yamaguchi K (1997) Braunixanthins 1 and 2, new carotenoids from the green 
microalga Botryococcus braunii. Tetrahedron 53: 11307-11316.

http://www.ncbi.nlm.nih.gov/pubmed/18584613
http://www.ncbi.nlm.nih.gov/pubmed/18584613
http://www.ncbi.nlm.nih.gov/pubmed/22940319
http://www.ncbi.nlm.nih.gov/pubmed/22940319
http://www.ncbi.nlm.nih.gov/pubmed/18588162
http://www.ncbi.nlm.nih.gov/pubmed/18588162
http://www.sciencedirect.com/science/article/pii/0141022989901208
http://www.sciencedirect.com/science/article/pii/0141022989901208
http://www.ncbi.nlm.nih.gov/pubmed/23703677
http://www.ncbi.nlm.nih.gov/pubmed/23703677
http://link.springer.com/article/10.1023%2FA%3A1005667522375#page-1
http://link.springer.com/article/10.1023%2FA%3A1005667522375#page-1
http://astp.jst.go.jp/modules/search/DocumentDetail/1017-7825%2B%2540%2B1738-8872%2B%2540%2B_14_5_Improvement%2Bof%2BHydrocarbon%2BRecovery%2Bby%2BTwo-Stage%2BCell-Recycle%2BExtraction%2Bin%2Bthe%2BCultivation%2Bof%2BBotryococcus%2Bbraunii_N%252FA
http://astp.jst.go.jp/modules/search/DocumentDetail/1017-7825%2B%2540%2B1738-8872%2B%2540%2B_14_5_Improvement%2Bof%2BHydrocarbon%2BRecovery%2Bby%2BTwo-Stage%2BCell-Recycle%2BExtraction%2Bin%2Bthe%2BCultivation%2Bof%2BBotryococcus%2Bbraunii_N%252FA
http://www.ncbi.nlm.nih.gov/pubmed/20005092
http://www.ncbi.nlm.nih.gov/pubmed/20005092
http://www.sciencedirect.com/science/article/pii/S0020169303003633
http://www.sciencedirect.com/science/article/pii/S0020169303003633
http://onlinelibrary.wiley.com/doi/10.1002/jctb.280620108/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jctb.280620108/abstract
http://www.sciencedirect.com/science/article/pii/S0926669012001100
http://www.sciencedirect.com/science/article/pii/S0926669012001100
http://www.sciencedirect.com/science/article/pii/S0016236112006692
http://www.sciencedirect.com/science/article/pii/S0016236112006692
http://www.sciencedirect.com/science/article/pii/S0031942200857003
http://www.sciencedirect.com/science/article/pii/S0031942200826023
http://www.sciencedirect.com/science/article/pii/S0031942200826023
http://www.sciencedirect.com/science/article/pii/S0031942200814181
http://www.sciencedirect.com/science/article/pii/S0031942200814181
http://www.ncbi.nlm.nih.gov/pubmed/15541746
http://www.ncbi.nlm.nih.gov/pubmed/15541746
http://www.sciencedirect.com/science/article/pii/S0031942200853972
http://www.sciencedirect.com/science/article/pii/S0031942200853972
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1990.00258.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.0022-3646.1990.00258.x/abstract
http://www.deepdyve.com/lp/elsevier/two-terpenoid-diepoxides-from-the-green-microalga-botryococcus-braunii-tBFsz2Th4B
http://www.deepdyve.com/lp/elsevier/two-terpenoid-diepoxides-from-the-green-microalga-botryococcus-braunii-tBFsz2Th4B
http://www.amazon.in/Algal-Biotechnology-Environment-Dinabandhu-Kaushik/dp/9381141711
http://www.amazon.in/Algal-Biotechnology-Environment-Dinabandhu-Kaushik/dp/9381141711
http://www.amazon.in/Algal-Biotechnology-Environment-Dinabandhu-Kaushik/dp/9381141711
http://www.sciencedirect.com/science/article/pii/0031942291841218
http://www.sciencedirect.com/science/article/pii/0031942291841218
http://www.ncbi.nlm.nih.gov/pubmed/7649295
http://www.ncbi.nlm.nih.gov/pubmed/7649295
http://link.springer.com/article/10.1007%2FBF02706538#page-1
http://link.springer.com/article/10.1007%2FBF02706538#page-1
http://www.sciencedirect.com/science/article/pii/003194229184181Q
http://www.researchgate.net/publication/229235625_Ether_lipids_from_Botryococcus_braunii_and_their_biosynthesis
http://www.sciencedirect.com/science/article/pii/0146638094901406
http://www.sciencedirect.com/science/article/pii/0146638094901406
http://www.researchgate.net/publication/229235629_Ether_lipid_production_in_relation_to_growth_in_Botryococcus_braunii
http://www.researchgate.net/publication/229235629_Ether_lipid_production_in_relation_to_growth_in_Botryococcus_braunii
http://www.researchgate.net/publication/244230328_Lycopanerols_H_two_high_molecular_weight_ether_lipids_from_Botryococcus_braunii_comprising_an_-tocopherol_unit
http://www.researchgate.net/publication/244230328_Lycopanerols_H_two_high_molecular_weight_ether_lipids_from_Botryococcus_braunii_comprising_an_-tocopherol_unit
http://www.sciencedirect.com/science/article/pii/0040403995023496
http://www.sciencedirect.com/science/article/pii/0040403995023496
http://www.agnic.org/search/IND20904619
http://www.agnic.org/search/IND20904619
http://www.sciencedirect.com/science/article/pii/S0040402097007059
http://www.sciencedirect.com/science/article/pii/S0040402097007059


O
M

IC
S

 G
ro

up
 e

B
oo

ks

0017

123. Metzger P, Aumelas A (1997) Lycopanerol-A, di-tetraterpenoid tetraether derivatives from green microalga Botryococcus braunii L 
race. Tetrahedron Lett 38: 2977-2980.

124. Rager MN, Metzger P (2000) Six novel tetraterpenoid ethers, lycopanerols B-G, and some other constituents from the green microalga 
Botryococcus braunii. Phytochemistry 54: 427-437.

125. Krishnan R (2003) Method of inhibiting angiogenesis. Patent No. WO-03092671.

126. Krishnan R, Collin PD (2003) Method of inhibiting rejection of transplanted material. Patent No. WO-03092672.

127. Koren KM, Rayburn WR (1984) Influence of growth status and nutrients on exocellular polysaccharides synthesis by the soil alga 
Chlamydomonas mexicana. J Phycol 20: 253-257.

128. Anderson DB, Eakin DE (1985) A process for the production of polysaccharides from microalgae. Biotechnol Bioeng Symp 15: 533-547.

129. Allard B, Casadevall E (1990) Carbohydrate composition and characterisation of sugars from the green microalga Botryococcus 
braunii. Phytochem 29: 1875-1878.

130. Fernandes HL, Tomme MM, Lupi FM, Fialho AM, Sa Correia I (1989) Biosynthesis of high concentration of an exopolysaccharide 
during cultivation of the microalga Botryococcus braunii. Biotechnol Lett 11: 433-436.

131. Lupi FM, Fernandes HML, Tomme MM, Sa Correia I, Novais JM (1994) Influence of nitrogen source and photoperiod on exopolysaccharide 
synthesis by the microalga Botryococcus braunii. Enzyme Microb Technol 16: 546-550.

132. Guzman-Murillo MA, Ascencio F (2000) Anti-adhesive activity of sulphated exopolysaccharides of microalgae on attachment of red 
sore disease-associated bacteria and helicobacter pylori to tissue culture cells. Lett Appl Microbiol 30: 473-478.

133. Lupi FM, Fernandes HML, Sa Correia I, Novais JM (1991) Temperature profiles of cellular growth exopolysaccharide synthesis by 
Botryococcus braunii Kutz. J Appl Phycol 3: 35-42.

134. Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Commercial applications of microalgae. J Biosci Bioeng 101: 87-96.

135. Samorì C, Torri C, Samorì G, Fabbri D, Galletti P, et al. (2010) Extraction of hydrocarbons from microalga Botryococcus braunii with 
switchable solvents. Bioresour Technol 101: 3274-3279.

136. Muntean E, Muntean N, Dragos N, Bercea V (2008) Carotenoids as biomarkers in Botryococcus braunii algae. Res J Agri Sci 40: 49-54.

137. Ranga Rao A, Raghunath Reddy RL, Baskaran V, Sarada R, Ravishankar GA (2010) Characterization of microalgal carotenoids by 
mass spectrometry and their bioavailability and antioxidant properties elucidated in rat model. J Agric Food Chem 58: 8553-8559.

138. Grung M, Metzger P, Liaaen Jensen S (1989) Primary and secondary carotenoids in two races of green Botryococcus braunii. Biochem 
Sys Ecol 17: 263-269.

139. Grung M, Metzger P, Liaaen Jensen S (1994) Algal carotenoids 53; secondary carotenoids of algae 4; secondary carotenoids in the 
green alga Botryococcus braunii, race L, new strain. Biochem Sys Ecol 22: 25-29.

140. Rao AR, Sarada R, Baskaran V, Ravishankar GA (2006) Antioxidant activity of Botryococcus braunii extract elucidated in vitro models. 
J Agric Food Chem 54: 4593-4599.

141. Savitha BC, Thimmaraju R, Bhagyalakshmi N, Ravishankar GA (2006) Different biotic and abiotic elicitors influence betalain production 
in hairy root cultures of Beta vulgaris in shake-flask and bioreactor. Process Biochem 41: 50-60.

142. Sharma A, Ranga Rao A, Dayananda C, Sarada R, Ravishankar GA (2010) Botryococcus braunii, a new Elicitor for Secondary 
Metabolite Production in Capsicum frutescens. Func Plant Sci Biotechnol 5: 9-13.

143. Murakami N (2000) Plant growth regulator composition and their manufacture. Jpn Kokai Tokkyo Koho 264: 809-814.

144. Mercier L, Lafitte C, Borderies G, Briand X, Esquerre Tugaye MT (2001) The algal polysaccharide carrageenans can act as an elicitor 
of plant defence. New Phytologist 149: 43-51.

145. Hanagata N, Uehara H, Ito A, Tekeuchi T, Karube I (1994) Elicitor of red pigment formation in carthamus tinctorius cultured cells. J 
Biotechnol 34: 71-77.

146. Fingerhut U, Webb LE, Soeder CJ (1984) Increased yields of Rhizobium japonicum by an extract of the green alga, Scenedesmus 
obliquus (276-3a). Appl Microbiol Biotechnol 19: 358-360.

147. Becker EW (2007) Microalgae in human and animal nutrition. In: A Richmond (editor). Hand book of micro algal culture. Blackwell, 
Oxford, UK, 312-351.

148. Milledge JJ (2011) Commercial application of microalgae other than as biofuels: A brief review. Rev Environ Sci Biotechnol 10: 31-41.

149. Plaza M, Herrero M, Cifuentes A, Ibáñez E (2009) Innovative natural functional ingredients from microalgae. J Agric Food Chem 57: 
7159-7170.

150. Ranga Rao A, Baskaran V, Sarada R, Ravishankar G A (2013) In vivo bioavailability and antioxidant activity of carotenoids from 
microalgal biomass-A repeated dose study. Food Res Int 54: 711-717.

151. Ranga Rao A, Harshavardhan Reddy A, Aradhya SM (2010) Antibacterial properties of Spirulina platensis, Haematococcus pluvialis, 
Botryococcus braunii micro algal extracts. Curr Trends Biotechnol Pharm, 4: 809-819.

152. Kalacheva GS, Zhila NO, Volova TG (2001) Lipids from the green algae Botryococcus during staged growth in batch mode. Mikrobiologiia 
70: 305-312.

153. Orpez R, Martinez ME, Hodaifa G, ElYousfi F, Jbari N (2009) Growth of the microalga Botryococcus braunii in secondarily treated 
sewage. Desalination 246: 625-630.

154. Li Y, Moore RB, Qin JG, Scott A, Ball AS (2013) Extractable liquid, its energy and hydrocarbon content in the green alga Botryococcus 
braunii. Biomass Bioener 52: 103-112.

155. Talukdar J, Kalita MC, Goswami BC (2013) Characterization of the biofuel potential of a newly isolated strain of the microalga 
Botryococcus braunii Kützing from Assam, India. Bioresour Technol 149: 268-275.

156. Khatri W, Hendrix R, Niehaus T, Chappell J, Curtis WR (2014) Hydrocarbon production in high density Botryococcus braunii race B 
continuous culture. Biotechnol Bioeng 111: 493-503.

http://www.sciencedirect.com/science/article/pii/S0040403997005376
http://www.sciencedirect.com/science/article/pii/S0040403997005376
http://www.ncbi.nlm.nih.gov/pubmed/10897485
http://www.ncbi.nlm.nih.gov/pubmed/10897485
http://www.google.com/patents/WO2003092671A1?cl=en
http://patentscope.wipo.int/search/en/detail.jsf?docId=WO2003092672&recNum=31&docAn=AU2003000523&queryString=(CL/mizoribin*)+OR+(CL/Bredinin*)+&maxRec=97
http://www.sciencedirect.com/science/article/pii/003194229085031A
http://www.sciencedirect.com/science/article/pii/003194229085031A
http://link.springer.com/article/10.1007/BF01089478#page-1
http://link.springer.com/article/10.1007/BF01089478#page-1
http://www.sciencedirect.com/science/article/pii/0141022994901163
http://www.sciencedirect.com/science/article/pii/0141022994901163
http://www.ncbi.nlm.nih.gov/pubmed/10849279
http://www.ncbi.nlm.nih.gov/pubmed/10849279
http://link.springer.com/article/10.1007%2FBF00003917#page-1
http://link.springer.com/article/10.1007%2FBF00003917#page-1
http://www.ncbi.nlm.nih.gov/pubmed/16569602
http://www.ncbi.nlm.nih.gov/pubmed/20071168
http://www.ncbi.nlm.nih.gov/pubmed/20071168
http://www.rjas.ro/download/paper_version.paper_file.98fd70b650dff558.3538322e706466.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20681642
http://www.ncbi.nlm.nih.gov/pubmed/20681642
http://www.sciencedirect.com/science/article/pii/030519788990001X
http://www.sciencedirect.com/science/article/pii/030519788990001X
http://www.sciencedirect.com/science/article/pii/0305197894901112
http://www.sciencedirect.com/science/article/pii/0305197894901112
http://www.ncbi.nlm.nih.gov/pubmed/16787003
http://www.ncbi.nlm.nih.gov/pubmed/16787003
http://www.sciencedirect.com/science/article/pii/S1359511305002448
http://www.sciencedirect.com/science/article/pii/S1359511305002448
http://www.researchgate.net/publication/235352488_Botryococcus_braunii_a_New_Elicitor_for_Secondary_Metabolite_Production_in_Capsicum_frutescens
http://www.researchgate.net/publication/235352488_Botryococcus_braunii_a_New_Elicitor_for_Secondary_Metabolite_Production_in_Capsicum_frutescens
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2001.00011.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2001.00011.x/abstract
http://www.sciencedirect.com/science/article/pii/0168165694901678
http://www.sciencedirect.com/science/article/pii/0168165694901678
http://link.springer.com/article/10.1007%2FBF00253785#page-1
http://link.springer.com/article/10.1007%2FBF00253785#page-1
http://onlinelibrary.wiley.com/doi/10.1002/9780470995280.ch18/summary
http://onlinelibrary.wiley.com/doi/10.1002/9780470995280.ch18/summary
http://link.springer.com/article/10.1007%2Fs11157-010-9214-7#page-1
http://www.ncbi.nlm.nih.gov/pubmed/19650628
http://www.ncbi.nlm.nih.gov/pubmed/19650628
http://www.sciencedirect.com/science/article/pii/S096399691300433X
http://www.sciencedirect.com/science/article/pii/S096399691300433X
http://www.abap.co.in/antibacterial-properties-spirulina-platensis-haematococcus-pluvialis-botryococcus-braunii-micro-alga
http://www.abap.co.in/antibacterial-properties-spirulina-platensis-haematococcus-pluvialis-botryococcus-braunii-micro-alga
http://www.ncbi.nlm.nih.gov/pubmed/11450451
http://www.ncbi.nlm.nih.gov/pubmed/11450451
http://www.sciencedirect.com/science/article/pii/S0011916409004780
http://www.sciencedirect.com/science/article/pii/S0011916409004780
http://www.sciencedirect.com/science/article/pii/S0961953413001281
http://www.sciencedirect.com/science/article/pii/S0961953413001281
http://www.ncbi.nlm.nih.gov/pubmed/24121368
http://www.ncbi.nlm.nih.gov/pubmed/24121368
http://www.ncbi.nlm.nih.gov/pubmed/24122424
http://www.ncbi.nlm.nih.gov/pubmed/24122424


O
M

IC
S

 G
ro

up
 e

B
oo

ks

0018

157. Cheng P, Ji B, Gao L, Zhang W, Wang J, et al. (2013) The growth, lipid and hydrocarbon production of Botryococcus braunii with 
attached cultivation. Bioresour Technol 138: 95-100.

158. Li Y, Qin, JG (2005) Comparison of growth and lipid content in three Botryococcus braunii strains. J Appl Phycol 17: 551-556.

159. Bazaes J, Sepulveda C, Acién FA, Morales J, Gonzales L (2012) Outdoor pilot-scale production of Botryococcus braunii in panel 
reactors. J Appl Phycol 24: 1353-1360.

160. Ozkan A, Kinney K, Katz L, Berberoglu H (2012) Reduction of water and energy requirement of algae cultivation using an algae biofilm 
photobioreactor. Bioresour Technol 114: 542-548.

161. Krichnavaruk S, Powtongsook S, Pavasant P (2007) Enhanced productivity of Chaetoceros calcitrans in airlift photobioreactors. 
Bioresour Technol 98: 2123-2130.

162. De Morais MG, Costa Jav (2007) Carbondioxide fixation by Chlorella kessleri, C. vulgaris, Scenedesmus obliquus and Spirulina sp. 
cultivated in flasks and vertical tubular photobioreactors. Biotechnol Lett 29: 1349-1352.

163. Barbosa MJ, Zijffers JW, Nisworo A, Vaes W, van Schoonhoven J, et al. (2005) Optimization of biomass, vitamins, and carotenoid yield 
on light energy in a flat-panel reactor using the A-stat technique. Biotechnol Bioeng 89: 233-242.

164. Kaewpintong K, Shotipruk A, Powtongsook S, Pavasant P (2007) Photoautotrophic high-density cultivation of vegetative cells of 
Haematococcus pluvialis in airlift bioreactor. Bioresour Technol 98: 288-295.

165. Bosma R, van Zessen E, Reith JH, Tramper J, Wijffels RH (2007) Prediction of volumetric productivity of an outdoor photobioreactor. 
Biotechnol Bioeng 97: 1108-1120.

166. Richmond A, Cheng-Wu Z (2001) Optimization of a flat plate glass reactor for mass production of Nannochloropsis sp. outdoors. J 
Biotechnol 85: 259-269.

167. Jorquera O, Kiperstok A, Sales EA, Embiruçu M, Ghirardi ML (2010) Comparative energy life-cycle analyses of microalgal biomass 
production in open ponds and photobioreactors. Bioresour Technol 101: 1406-1413.

168. Boussiba S, Vonshak A, Cohen Z, Avissar Y, Richmond A (1987) Lipid and biomass production by the halotolerant microalga 
Nannochloropsis salina. Biotechnol Bioeng 97: 1108-1120.

169. Hall DO, Fernández FG, Guerrero EC, Rao KK, Grima EM (2003) Outdoor helical tubular photobioreactors for microalgal production: 
modeling of fluid-dynamics and mass transfer and assessment of biomass productivity. Biotechnol Bioeng 82: 62-73.

170. Meiser A, Schmid-Staiger U, Trosch W (2004) Optimization of eicosapentaenoic acid production by Phaeodactylum tricornutumin the 
flat panel airlift (FPA) reactor. J Appl Phycol 16: 215-225.

171. Lin Q, Lin J (2011) Effects of nitrogen source and concentration on biomass and oil production of a Scenedesmus rubescens like 
microalga. Bioresour Technol 102: 1615-1621.

172. Ketheesan B, Nirmalakhandan N (2012) Feasibility of microalgal cultivation in a pilot-scale airlift-driven raceway reactor. Bioresour 
Technol 108: 196-202.

173. Richmond A, Lichtenberg E, Stahl B, Vonshak A (1990) Quantitative assessment of the major limitations on productivity of Spirulina 
platensis in open raceways. J Appl Phycol 2: 195-206.

174. Zhang K, Miyachi S, Kurano N (2001) Photsynthetic performance of a cyanobacterium in a vertical flat-plate photobioreactor for outdoor 
microalgal production and fixation of CO2. Biotechnol Lett 23: 21-26.

175. Kita K, Okada S, Sekino H, Imou K, Yokoyama S, et al. (2010) Thermal pretreatment of wet microalgae harvest for efficient hydrocarbon 
recovery. Appl Energy 87: 2420-2423.

http://www.ncbi.nlm.nih.gov/pubmed/23612166
http://www.ncbi.nlm.nih.gov/pubmed/23612166
http://link.springer.com/article/10.1007%2Fs10811-005-9005-7#page-1
http://link.springer.com/article/10.1007%2Fs10811-012-9787-3#page-1
http://link.springer.com/article/10.1007%2Fs10811-012-9787-3#page-1
http://www.ncbi.nlm.nih.gov/pubmed/22503193
http://www.ncbi.nlm.nih.gov/pubmed/22503193
http://www.ncbi.nlm.nih.gov/pubmed/17035004
http://www.ncbi.nlm.nih.gov/pubmed/17035004
http://link.springer.com/article/10.1007%2Fs10529-007-9394-6#page-1
http://link.springer.com/article/10.1007%2Fs10529-007-9394-6#page-1
http://www.ncbi.nlm.nih.gov/pubmed/15593095
http://www.ncbi.nlm.nih.gov/pubmed/15593095
http://www.ncbi.nlm.nih.gov/pubmed/16516464
http://www.ncbi.nlm.nih.gov/pubmed/16516464
http://www.ncbi.nlm.nih.gov/pubmed/17221886
http://www.ncbi.nlm.nih.gov/pubmed/17221886
http://www.ncbi.nlm.nih.gov/pubmed/11173093
http://www.ncbi.nlm.nih.gov/pubmed/11173093
http://www.ncbi.nlm.nih.gov/pubmed/19800784
http://www.ncbi.nlm.nih.gov/pubmed/19800784
http://www.ncbi.nlm.nih.gov/pubmed/12569625
http://www.ncbi.nlm.nih.gov/pubmed/12569625
http://link.springer.com/article/10.1023%2FB%3AJAPH.0000048507.95878.b5#page-1
http://link.springer.com/article/10.1023%2FB%3AJAPH.0000048507.95878.b5#page-1
http://www.ncbi.nlm.nih.gov/pubmed/20875734
http://www.ncbi.nlm.nih.gov/pubmed/20875734
http://www.ncbi.nlm.nih.gov/pubmed/22277208
http://www.ncbi.nlm.nih.gov/pubmed/22277208
http://link.springer.com/article/10.1007%2FBF02179776#page-1
http://link.springer.com/article/10.1007%2FBF02179776#page-1
http://link.springer.com/article/10.1023%2FA%3A1026737000160#page-1
http://link.springer.com/article/10.1023%2FA%3A1026737000160#page-1
http://www.sciencedirect.com/science/article/pii/S0306261909005236
http://www.sciencedirect.com/science/article/pii/S0306261909005236


List of Publications - ORDER YOUR BOOKS!

Please visit our website at
http://www.thalassaemia.org.cy/list-of-publications

Hard copies and CD-ROM or DVD versions can be 
ordered directly from TIF and are distributed free of charge. 
Place your order at thalassaemia@cytanet.org.cy

The translation of TIF’s educational publications into 
various languages continues in 2013.

All translated publications are or will become available on 
our website. Check with us to get updated on the latest 
translations!

NEW! Just Released!

NEW! Just Released!

Free of charge

All our publications are 
available as PDF files on 
our website, completely 
free of charge.

UPCOMING TIF PUBLICATIONS

Community Awareness Booklets on α-thalassaemia, β-thalassaemia & Sickle Cell Disease (Greek)
(Eleftheriou A) 
Sickle Cell Disease:  A booklet for parents, patients and the community, 2nd Edition 
(Inati-Khoriaty A)
Guidelines for the Clinical Management of Transfusion Dependent Thalassaemias, 3rd Edition 
(Cappellini M D, Cohen A, Eleftheriou A, Piga A, Porter J, Taher A)

TIF Publications cater to the needs of readers of all ages and educational 
backgrounds, and provide concise up-to-date information on every aspect of 
thalassaemia - from prevention to clinical management. TIF’s publications have 
been translated into numerous languages in order to cover the needs of the 
medical, scientific, patients and parents communities and the general community.

TIF Publications 

•

•

•

Sponsor Advertisement


