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ABSTRACT

Existing supply of high value added products including protein supplement and bio-commodity resources would not 
meet the demand of biomolecules including food supplements and community biomolecules. Hence, an alternate 
and unconventional source of high value added products including protein supplement and bio-commodity resources 
need to be explored. Algal biomasses are potential biocatalysts which produce food supplements and other value-
added products. Due to anthropogenic activities and global warming brings environmental stress associated factors 
on plants and algae biomass generation. Algae have tremendous efficiency to sequestrate CO2 to minimize global 
warming and enhance high value added biomolecules generations. Phycoprospecting effort would help to identify 
the naive algal strains for sustainable biorefinery, the source of food supplements, feeds, biofuels, nutraceuticals, and 
the other value added products. Hence, current study focuses on strategies to elevate the algal biomass generation 
using native and genetic engineered algae for ameliorating high value added biomolecule generation for community.

1. INTRODUCTION

Algae are one of the most potential sustainable future microbial 
cell factories which generate multiple forms of value added product 
biosynthesis. Macro and micro algae are the two very distinct domain of 
algae classification system. Macroalgae are the larger and multicellular 
aquatic photosynthetic plant-like living organisms while microalgae 
are comparatively smaller and unicellular aquatic photosynthetic plant 
like tiny microbial community in nature. Macroalgae are usually known 
to us as “seaweeds.” Red algae, green algae, and brown algal regimes 
belong to the macro algal taxonomy. On the other hand, microalgae have 
predominantly conferred as phytoplankton having diverse colorimetric 
appearance including blue-green, yellow, brown, or orange. There are 
two main group of microalgae do exist in natural system including 
diatoms and dinoflagellates. Microalgae are comparatively more 
economically sustainable because it requires less complicated 
platform to grown in the small scale or large scale production 
platform. Moreover, microalgae growth cycle is comparatively faster 
and homogeneous compared to macro algae growth pattern. Although 
algae are the major producers of algal bloom and induce pollution in 
the natural or oceanic water bodies, algae are most potential microbial 
cell factory which can biosynthesize diverse ranges of value added 
products including bioactive agents, biofuels, chemotherapeutic 
agents, and food supplements toward human health management in a 
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sustainable manner within its cellular biomass [1]. Therefore, it would 
be an ideal idea if algal biomass production could be improved then 
it will indirectly induce the production rate and yield of these value 
added product generation per unit algal biomass. According to a recent 
United Nation (UN) survey, the global population has been projected 
to rise by 2 billion people in the upcoming 30 years, from 7.7 billion 
at present to 9.7 billion in 2050. To attain the demand of community 
high value added products including food and other biomolecules for 
the predicted population by 2050, it becomes ambitious on existing 
the agro-economic cycle. To retain current food production, putative 
models have been established to satisfy future global food demands to 
trap humanity in a vicious spiral of gradually decreasing agricultural 
outcome [2,3]. Hence, there is a circle of poverty leading to’ 4P’ that is 
over population, pollution, production and prodigality of reproduction 
[Figure 1]. Global production of macro-algae based on aquaculture 
is 30.51 Mt including few nations, that is, China, Indonesia, the 
Philippines, and South Korea. Global wild harvesting of microalgae 
is 1.12 Mt, out of which India has shared 0.019 Mt [4]. Among these 
countries, the USA ranks first in Spirulina-based products, primarily 
in the form of pills and spray-dried powder, followed by China, 
Israel, Japan, Mexico, Taiwan, and Thailand. There are so many 
merits to prioritize algal strains for value added production including 
high protein supplements as because of (1) potential photosynthetic 
conversion; (2) rapid growth rate; (3) high capacity to produce a wide 
variety of value added products; and (4) non-competitiveness for 
arable land. Predominantly, current scientific communities have been 
suggested that microalgae might be the key factor to solve many issues 
including pollution, hunger, energy, global warming, and diseases as 
an economically and environmentally sustainable arena. Microalgae 
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have been used as food by humans for thousands of years [5-7]. 
A growing market for Spirulina sp. has been gradually establishing 
as pharmaceuticals, nutraceuticals, and protein supplements. 
There is a huge scope for both the small scale and large-scale algal 
farming provides a new dimension to solve another burning issue of 
unemployment in India [8]. Ulvarigida sp., Valoniaaegagropila sp., 
Chaetomorphaaerea sp., Gracilariaconfervoides sp., Microcystis sp., 
Chlorococcum infusionum sp., etc., algal species are cultivated for 
their various purposes [9]. Several studies have shown that micro 
algal growth can be improved by CO2 from the atmosphere or flue 
gases and they have better CO2 fixation abilities (10–50 times greater) 
than terrestrial plants. Spirulina sp. has 10 times more CO2 fixation 
rate than land plants [10]. Microalgae do have the capacity to fix CO2 
from the three different sources namely from the atmosphere, from 
the industrial discharges and from the soluble carbonate. It is proved 
that 1.83 kg of CO2 is needed to produce 1 kg of algal biomass [11]. 
Microalgae can convert solar energy to chemical energy by fixing 
CO2, and its efficiency increases 10 times than terrestrial plants. The 
commercial production of microalgae is approximately 5000 tons/year 
of dry matter [12]. Microalgae growth rates and productivity are higher 
than any plant system. Dried biomass of algae would be the promising 
and alternative source of food as well as protein and other value-added 
products. Maximization of photosynthetic carbon capture efficiency 
and energy-return on investment in terms of food, fuel, and other 
value added products attributes of green algae attracted the scientists 
to produce large scale biomass production with low investment and 
extensive return [7,13-15].

2. VARIOUS CULTIVATION STRATEGIES TOWARDS 
IMPROVING ALGAL BIOMASS PRODUCTION

Topographical and seasonal variation can bring the change of algal 
biomass generation. In the year 1978, National Renewable Energy 
Laboratory (NREL) launched a program called Aquatic Species 
Program (ASP) where 3000 micro-algal strains were collected from 
continental regions of US and Hawaii for systemic screening for higher 

lipid production under normal and stress conditions [16]. For the 
production of high value microalgae derived products, light intensity 
and photoperiod cycle are important factors for growth rate and biomass 
composition The PBRs system of cultivation is more expensive than 
open ponds but more harvested biomass [17]. Spirulina sp. is used in 
food even the astronauts are used this algae during the time of space 
journey. It is estimated that about 72,500 microalgae out of them 
only around 44,000 had been described and only few of the species 
are cultivated commercially [18]. Phycoprospecting or screening of 
microalgae [Figure 2] aids to find out the desirable strains such as high 
growth rate or tolerance of stresses (high temperature, pH, salinity, etc.). 
For example, in laboratory cultivation of Spirulina sp. is influenced by 
eight factors to get maximum yield namely luminosity (photo-period 
12/12, 4 luxes), 30°C temperature, inoculation size, stirring speed, 
dissolved solids (10–60 g/L), pH (8.5–10.5), water quality, and macro-
nutrients exist (C, N, P, K, S, Mg, Na, Cl, Ca and Fe, Zn, Cu, Ni, 
Co, and Se) [19]. Furthermore, some biochemical and biomolecular 
characterization has been observed in diverse algal regimes [Table 1]. 
The using of various micronutrients (A5, B6, Co, V, and C13) in Nostoc 
sp. have been shown the various biomass productivity treatment basis 
(63, 74, 62, 72, 77, and 62 mg/dry weight) [20]. Genetically engineered 
algal biomass production is reduces light harvesting antenna complex 
in Chlamydomomonas reinharditii has been shown the improvement 
on photosynthetic rates and biomass yield about 10–30% in laboratory 
culture. Moreover, tlaA truncated engineered C. reinharditii strains 
has shown the reduction of antenna size in both photosystems I and II 
are about to 50% and 65%, respectively [21]. Diverse ranges of high 
value added product generations from diverse algal regimes have been 
demonstrated [Figure 3] as short summarization.

3. ALGAE BASED VALUE ADDED PRODUCTS

Both microalgae and microalga are potential feedstock for production 
of different value added products (e.g., proteins, vitamins, minerals, 
fats, sugars, antioxidants, cosmetics, bio-pharmaceuticals, bioactive 
nutraceuticals, natural dyes, and colors in addition to animal feeds) to 

Figure 1: Poverty cycle encourages improvement on algae biomass production. (Lower biomass productivity and Lower waste bioremediation can be executed 
through the involvement of algal biomass generation).
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Figure 2: Phycoprospecting of microalgae impacts on high value added product generation and environment in conjunction with genetic engineering.

utilize their biomass. To balance the total biocatalytic efficacies from 
photon toward value added products, algae that are not only have the 
optimal carbon sequestration but also assimilate the extensive amounts 
of protein, carbohydrate, and fat contents. Algae have been widely 
used as a high-dietary supplement in human nutrition, aquaculture, 
nutraceuticals, fuel, and various purposes.

3.1. Algae as Protein Supplement Single Cell Proteins (SCPs)
As the world’s population grows day by day, there necessary food 
supply is becoming a major challenge. In this current, global scenario 
malnutrition deficiency is one the serious issue in India [22,23]. 
Overcome those foods and nutritional deficiencies dried biomass of 
algal species which are used as promising dietary supplements called 
single cell protein (SCP). In 1966, SCP was first termed by Carol L. 
Wilson [24]. Single cell protein (SCP) production from the algal sources 
is an inspirational field. Last few decades huge amount of algal cells 
have been used for feed additives due to their high nutritional value, 
high protein concentration. Spirulina sp. is the huge cultivated algal 
species for single cell protein production. Senedessmus sp., Chlorella 
has been cultivated as feed additives [24]. Spirulina sp. and Chlorella 
sp. are largely cultivated worldwide for feed purposes which yearly 
production 5000 and 2000 tons of dry matter/year, respectively [4]. 
Cyanophyceae groups of algal SCP contain of phycocyanin which 
has been used as antioxidant, anti-inflammatory, antitumor, and 
anticancerous agents. A study has been shown that Aphanizomenon 
sp. Arthrospira sp. and Chlorella sp. are one of the best algal sources 
of SCP production through extensive literature survey outcome [23]. 
Spirulina sp. contains 32.5 mg cholesterol/100 g algal dry biomass. 
Moreover, 10 g of Spirulina sp. powder contains 1.3 mg cholesterol 
and 36 kcal of energy, respectively [25]. On the other hand, some algal 

regimes (e.g., Anabaena cylindrical, Chlamydomonas reinhardtii, 
Chlorella vulgaris, and Dunaliella salina) are highly contains various 
yielded of protein, lipid, and carbohydrates like biomolecules [Table 1].

3.2. Algal Biomass Generation toward Biofuels Production
Since last few decades’ worldwide growth of population is one the 
major issue for energy crisis. Besides, global warming has gradually 
been increasing. In this mind many industries are focusing the 
production of algal derived biofuel. Mainly fossil fuels are hugely used 
in all over the world. At present, algae have been considered as potential 
microbial cell factories in various industrial sectors due to its high 
biomass generation, high productivity, CO2 sequestration, and higher 
efficiency of growth during various harsh environmental conditions. 
Dunaliella salina, Chlamydomonas reinhardtii, Haematococcus 
pluvialis, Selenastrum minutum, Ankistrodes musfalcatus, 
Haematococcus pluvialis, Chlorella vulgaris, Phaeodactylum 
tricornutum, Nannochloropsis oculata, Coccochlorispeniocystis, 
Botryococcus braunii, etc., algal species are the potential feedstock 
for biofuel production. Those are containing 20–50 % dry weight lipid 
which are very much effective substrate for fuel generation. Chlorella 
vulgaris contains starch (37% dry weight) which is used for ethanol 
fermentation [26]. B. braunii contains 80% oil in its biomass which 
is used for biodiesel production. Scenedesmus dimorphus produces 
53.7 w/w carbohydrates which is a feasible component for bioethanol 
production during the hydrolysis process [27]. C. reinhardtii, Y67A 
algal strains have been shown hydrogen production in the presence of 
hydrogenase enzyme activities which is higher 10–15-folds which has 
been depicted in an extensive literature survey [28,29]. Zymobacter 
palmae produces maximum 0.38 g ethanol (gm.mannitol−¹) yield 
during the anaerobic condition [9]. Algal biomass produces 35–41 
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Table 1: Biochemical and biomolecular characterization of diverse algal regimes.

Algal species Biomass generation Cultivation system Protein % Carbohydrate % Lipid % References

Anabaena cylindrical - - 43–56 25–30 4–7 [6]

Arthrospira platensis 0.91–2.7 g.L-¹.day-¹ - - - 13.0–30.0 (DCW) [96]

Botryococcus braunii 0.02 g.L-¹.day-¹ - - - 25.0–75.0 (DCW) [96]

C. vulgaris 40 mg.L-¹.day-¹ Tubular 
photobioreactors

51–58 12–17 14–22 [6,99]

C. zofingiensis 58.40 mg. L-¹. day-¹ Photobioreactors 
(PBR)

- - - [99]

C. emersonii 41 mg.L-¹.day-¹ Tubular 
photobioreactors

- - - [99]

Chlorella sp. 561 mg.L-¹.day- ¹and  
168 mg.L-¹.day-¹

Mixotrophic fed batch 
cultivation

- - - [101,102]

Chlorella protothecoides 51.2 g.L-¹.day-¹ High yielding 
Photobioreactors

- - 51.3 (DCW) [96]

Chlorococcuminfusionum 0.28 g.L-¹.day-¹ - - - 19.3 (DCW) [96]

Scenedesmus obtusus 20.20 g.L-¹.day-¹ - - - - [100]

C. pyrenoidosa 4.3 g.L-1 - - - - [107,108]

Chlamydomonas 
reinhardtii

- - 48 17 21 [6]

Dunaliella salina - - 57 32 6 [6]

Haematococcus pluvialis 0.05–0.7 g.L-¹.day-¹ - - - 25.0 (DCW) [96]

Monoraphidium 
contortum

0.89 g.L-¹.day-¹ - - - 31.5 (DCW) [96]

Nannochloropsis sp. 0.051–0.27 g.L-¹.day-¹ - - - 20.0–53.0 (DCW) [96]

Porphyridium cruentum - - 28–39 40–57 9–14 [6]

Scenedesmus obliquus - - 50–56 10–17 12–14 [6]

Spirulina maxima - - 60–71 13–16 6–7 [6]

Spirulina platensis 0.046–0.4 g.L-¹.day-¹ - - - 4.0 (DCW) [96]

Synechococcus sp. - - 63 15 11 [6]

Tetraselmis sp. 0.4–0.6 g.L-¹.day-¹ - - - 12.0–23.0 (DCW) [96]

Figure 3: High value added production derives from elevated algal biomass [4, 93, 114, 6]
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(MJ/kg) biodiesel during the transesterification process, Bioethanol 
23.4 (MJ/kg) during fermentation, and 37.2 (MJ/kg) of biogas during 
anaerobic digestion, hydrothermal treatment, and 33–39 (MJ/kg) bio-
oil during hydrothermal liquefaction process. Biological production 
of hydrogen, that is, 144 (MJ/kg) has shown the higher than another 
existing fuel producing feedstocks [30].

3.3. Algal Biomass Generation for Biochars and Algal 
Biofertilizers
Algal biochar has been produced through the thermo chemical 
methods. It contains higher amount of nitrogenous residues which 
enhance the soil quality, enhance the nutrient uptake efficiencies to the 
soil. Algal biochar has also been generated during the high temperature 
by pyrolysis process. Lyngbya sp. and Cladophora sp. are collected 
from Maumee bay of Lake Erie, in USA which produce (48 weight % 
per algal mass) biochar during the pyrolysis process at 510–600°C the 
calorific value was 25.6 (MJ/kg) [9]. In 1981, FAO has declared that 
algal biomass have been utilize as a potential biofertilizer replacement 
of the chemical fertilizer. The algal species are the best providers of 
nitrogen sources which are very useful for agricultural yield. Algal 
fertilizer increases the annual yield of rice production by an average 
22% in India. Algal biomass has been potential to produce 25–30 kg 
of chemical nitrogen per acre. Spirulina sp. is one of the predominant 
algal species which are implemented as most potent group of 
bioferlizers due its low productivity cost, high availability, and higher 
biomass production. Spirulina platensis contains 10% of nitrogen 
content (weight/weight). Moreover, it releases carbon components, 
various micro and macronutrients which enhances the plant growths, 
increase the soil condition and fertility which indirectly most effective 
bioaugmentation approach for agricultural fields toward higher crop 
productivities.

3.4. Algal Biomass Generation toward Therapeutics and 
Bioadsorbent
Algal biomass is the predominant reservoir of diverse ranges of 
bioactive compounds which having great impact on human health. 
Algae based bioactive biomolecules has been biosynthesized 
through the advent of algal primary metabolic activities. In parallel, 
secondary metabolic networks have been associated with proteins, 
fatty acids, vitamins, and bio-pigments productions. Interestingly, 
these entire metabolisms derived bioactive compounds they do 
have extensive impacts on human health as antifungal, antiviral, 
algal toxins, anti-enzymatic and chemotherapeutic agents (i.e., 
antibiotics). Basic composition of algae derived bioactive 
molecules include polysaccharides, C-phycocyanin, phenolic 
acids, tocopherols (Vitamin E), neophytadiene, phytol, PUFAs 
(n-3) fatty acids, oleic acid, linolenic acid, palmitoleic acid, 
diacylglycerols, astaxanthin, lutein, zeaxanthin, canthaxanthin, 
β-carotene, carotenoids, sulfated polysaccharides, sterols, peptide, 
eicosapentaenoic acid (EPA), violaxanthin, trans-betacarotene, cis-
betacarotene, palmitic acid, linear alkadienes (C25, C27, C29, and 
C31), triene (C29), borophycin, and cryptophycin. These bioactive 
molecules have been predominantly biosynthesized and/or exist in 
algal biomass including following algal regimes, that is, Spirulina 
platensis, Spirulina fusiformis, Haematococcus pluvialis, Chlorella 
vulgaris, Chlorella minutissima, Chlorella ellipsoidea, Dunaliella 
salina, Botryococcus braunii, Chlorella zofingiensis, Chlorella 
protothecoides, Chlorella pyrenoidosa, Nostoc linckia, and Nostoc 
spongiaeforme, respectively [31-33]. Moreover, these bioactive 
compounds are usually exploited and characterized utilizing 

different advanced biochemical tests (Folin–Ciocalteu, Bradford 
assay, and Kjeldahl assay, etc.) and high through put instruments, 
that is, GC-MS (gas chromatography-mass spectroscopy), LC-
MS (liquid chromatography-mass spectroscopy), etc. [34]. 
Even these algal bioactive compounds do have profound 
impacts on human health issues as algal bioactive compounds 
act as antiproliferative agents, cancer growth inhibition, anti-
inflammatory agents, chemotherapeutic agents, antiviral agents, 
and cholesterol lowering drugs [35]. Moreover, algae are the 
most valuable components in pharmaceutical industries. Various 
types of algal biomass have been utilized for various therapeutic 
purposes. It contains different value added products (e.g., omega-3 
fatty acids, vitamins, phycobiliproteins, amino acid, and poly 
unsaturated fatty acids) which are being used as antioxidant, 
anti-inflammatory, anticancer, anti-aging, ant-tanning, and 
antitumor agents. Different algal species produces huge amount 
of biomass which are utilized for various therapeutic purposes. 
Spirulina sp. (3000 tonnes per dry biomass weight); Chlorella 
sp. (2000 tonnes/dry biomass weight), Dunaliella sp. (1200 
tonnes per/dry biomass weight); Aphanizomenon sp. (500 tonnes/
dry biomass weight); Haematococcus (300 tonnes/dry biomass 
weight); Crypthecodinium sp. (240 tonnes/dry biomass weight 
from DHA oil); and Schizochytrium sp. (10 tonnes/dry biomass 
weight from DHA oil). Phaeodactylum tricornutum has been shown 
the higher productivities for EPA (i.e., eicosapentaenoic acid) 
430 kg EPA/year having purity of 96% (w/w) [5]. Chlorococcum 
infusionum and Leptolyngbya foveolaurum have been used as 
bioadsorbent during the wastewater treatment cultivation. Dried 
algal biomass has been collected as bio-adsorbent which have 
been used as in chemical adsorbent enhancer. Aforementioned 
algal regimes have been shown to bear the adsorbent capacity of 
34.36 mg/g dry algal biomass at temperature of 30°C for 3.5 g/L 
dosage of adsorbent [9].

4. IMPACT OF VARIOUS PHYSICAL AND CHEMICAL 
STRESS FACTORS FOR ENHANCING ALGAL BIOMASS 
GENERATIONS THROUGH GENETIC ENGINEERING

4.1. Role of Phytohormones for Elevating Algal Biomass
It has been observed that phytohormones bring positive impact in 
vascular plants, so phytohormones could be a promising element that 
can reduce the inputs necessary to grow the potential microalgae for the 
highest biomass generation. The research on the role of phytohormones 
in algal growth is in the stage of infancy in comparison with vascular 
plants. A few works had been done but it was too scanty to get the 
valuable data for large scale algal biomass generation. In general, 
phytohormones are classified into three groups’ namely natural, 
artificial and postulated hormones. Source of auxins may be natural 
or artificial. Biological role of auxins in vascular plants and algae is 
likely similar. Auxins control the mitotic cell cycle, the transition of 
cells from dormancy to active proliferation, stimulates respiration, and 
influence biosynthetic processes [36]. Abscisic acid, Cytokinins (CKs), 
Auxins (IAA), and Gibberellins (GA) are the main phytohormones for 
algae as well as higher plants. IAA and CKs are used to stimulate the 
algal growth and enlarge the metabolites formation such as proteins, 
carbohydrates, lipid, and carotenoids [37]. IAA is synthesized in the 
apical shoot meristem and, it is able to form conjugates with glucose, 
aspartic acid, oligosaccharides, proteins, and nucleic acids [38]. 
Along with natural auxins there are many synthetic auxins which 
have similar physiological function. Like auxins, gibberellins promote 
growth and cytokinins promote cell division.ABA is a key hormone 
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which helps to adapt with adverse climatic environment. Application 
of phytohormone and its concentration in the algal growth medium is 
also a vital parameter for algal biomass generation. In an experiment 
it has been shown that biomass production of Nannochloropsis salina 
has been elevated in presence of 0.1 mg/L of IAA [39] but higher 
concentration inhibits growth. By an experiment it has been shown 
that exogenous application of IAA in the culture medium of C. vulgaris 
brings maximum number of cell in compared to control after 48 h of 
cultivation [40]. Hence, the use of auxins in the field of algal biomass 
generation could enhance the large scale biomass generation. In an 
experiment it has been shown that at a concentration of 100 µM of 
natural auxins such as IAA, PAA, IBN, and synthetic auxins NAA 
inhibit the growth of C. vulgaris when applied them exogenously in 
the growth medium. However, at a concentration of 0.1 µM for IAA 
and IBA displayed the highest biological activity and PAA and NAA 
showed its highest stimulatory effect at 1 µM concentration and all 
auxins stimulate enzymatic (ascorbate peroxidase, catalase, and 
superoxide dismutase) and non-enzymatic antioxidant (ascorbate and 
glutathione) systems in C. vulgaris. Suppression of lipid peroxidation 
and hydrogen peroxide accumulation [40,41] has shown that addition 
of NAA and BAP (6-benzylaminopurine) in the growth medium of 
Chlorella pyrenoidosa separately brings 2.2 and 1.26 fold biomass in 
compared to the control but addition of BAP and kinetin in the growth 
medium of Chlorella pyrenoidosa separately brings 2.94 and 3.03 
fold alpha-linolenic acid in compared to control. Again exogenous 
phytohormones reduce the toxic effect of heavy metal (Pb) on green 
algae Acutodesmus obliquus. Toxic metal (Pb) decreases endogenous 
auxins, cytokinins, and gibberellins level and increases absicisic 
acid [42]. In an experiment, it has been proved that exogenous 
brassinosteroids (brassinolide, 24-epibrassinolide, and castasterone) 
at the concentrations of 10–12–10–8 M accelerated growth of the 
cultured green microalga Chlorella vulgaris, increased the content of 
protein and nucleic acids in the cells, and stimulated photosynthetic 
processes [43]. In an experiment, Scenedesmus obliquus was used to 
analyze the coupled effect of benzyl amino purine (BAP) and gibberellic 
acid (GA) in N2 deficient growth media on cell growth, biomass 
and fatty acid generation. The result showed that the concentration 
of 10–5 M BAP increased the biomass by 1.44-fold, and 10–6 M GA 
by 1.35-fold. Fluvic acid has been triggered for lipid accumulation 
and gene expressed with Monoraphidium sp. FXY-10 strain toward 
augmented the ROS production, acetyl-CoA carboxylase activation, 
malic enzyme emanation for algal biomass enhancement [44,45].

4.2. Impact of Light Intensity on Algae Based Biomass 
Development
Lightning has an eminent impact on algal biomass cultivation. Algal 
regimes have been avowed as photosynthetic organism also. A major 
group of studies has been reported that algal species has higher 
potentiality to produce huge amount of biomass concentration during 
the autotrophic growth condition. Through the photosynthesis in 
microalgae and macroalgae both capture the solar energy and it has 
been converted into chemical energy and also transferred two large 
proteins such as photosystems PSI and PSII. CO2 has been rigid 
through the Calvin-Benson (CB) cycle during the dark reaction. 
Nannochloropsis sp. Monoraphidium sp., Scenedesmus obliquus, 
Pavlova lutheri, Nannochloropsis gaditana, and Chlorella sp., algal 
species has been developed their higher biomass concentration as 
well as TAG (Triacylglycerol) lipids in the high light intensities (200 
µmol m–2.s–1) [46,47]. C. reinhardtii, TLA1 gene has been engineered 
through the cell antenna size reduction process. The species has been 
shown higher biomass productivity during the modifications. Also 

N. gaditana, C. sorokiniana, species has been shown their higher 
biomass productivity throughout the DNA, RNA sequencing, and 
gene manipulation techniques [48]. C. protothecoide and C. kessleri 
have been inhibited their growth during various higher light intensities 
200 µmol m–2.s–1 and 120 µmol m–2.s–1 respectively [49]. A study 
have been represented some algal species has been produces higher 
chlorophyll during the light condition, through the effects of organic 
carbon substrate such as sucrose, that is, C. globosa (9.56 mg L¹ chl-a 
and 3 mg L¹ chl-b) C. minutissima, (14.28 mg L¹ chl a and 4.4 mg L¹ 
chl b), and S. bijuga (17.05 mg L¹ chl a and 6.36 mg L¹ chl b) [50]. 
During the 45.5% light irradiation, Scenedesmus dimorphus have been 
reached 0.45 g.L–1 maximum biomass concentration. Tetraselmis sp. 
has been produces highest biomass 0.57 g.L–1 during the open pond 
cultivation systems with high light intensities [37]. A study has been 
shows that Dunaliella tertiolecta was cultivated under the various 
LED lights and high biomass growth; higher cellular pigments 
productivity was beheld during 7.5–8.5 pH range [51]. Phaeodactylum 
diatoms are being preferred blue lights for their maximum growth 
phase. P. tricornutum species has been triggered for the utmost 
biomass growth during the high light stress condition [52]. Many of 
algal species (e.g., Haematococcus pluvialis, Botryococcus braunii, 
Desmodesmus sp., and Chlorella sp. PCH90) have been grown in PBR 
(photobiorecator) during the high light severity and their biomass as 
well as lipid productivity was up to 40% rather than normal light and 
cultivation systems [53]. Haematococcus pluvialis have been raised 
astaxanthin production three-fold higher through the enhancement of 
light intensities. At higher light intensity (300 µmol photons m–2. s–1), 
lipid formation have been increased up to 35%. Furthermore, in this 
studies have been revealed that astaxanthin was reached more potency 
during blue light with low intensity 8 or 12 µmol photons m–2.s-¹ 
compared to red light with higher intensities (80–240 µmol photons 
m–2.s–1 [54]. When the light stress has been combined with the salt 
stress, nitrogen stress, temperature it was being more effective for the 
lipid accumulation and biomass growth for the algae. During the high 
light intensities 300 µmol photons m–2 s–1, 400 µmol photons m–2.s–1, P. 
tricornutum, I. galbana produces 31.4 mg.L–1.d–1, and 21.7 mg/L–1.d–1 
TAG. Trentepohlia arborum contents 13.4% (3.0 mg L–1.d–1) DCW 
carotenoids with 26.3% (65.5 mg.L–1.d–1) of DCW lipid during the 
150 µmol photons m–2.s–1 light stress conditions [55]. A study has 
been shown that (1000–2000 lx) light illumination was increased 
the microalgal biomass accumulation [56]. During the 50, 250, 
and 400 µmol photons m–2.s–1 and 200, 500, 800, and 1500 µmol 
photons m–2.s–1 light intensities Scenedesmus sp., Tetradesmus obliquus 
has been reached 3.88 g.L–1 and 0.263 g.mol–1 photon highest biomass 
and fatty acid yield [45]. Scenedesmus obliquus has been increased 
53–73% glucose of total carbohydrates during the 60–180 µmol m–2.s–1 
photons light intensities [57].

4.3. Role of Bacterial Interactive Associations with Algae 
toward Improving Biomass Content
Some bacterial species were being used for algal growth cultivation 
and it has been exhibited most salient effects through several 
experimental analysis. Those bacterial species are eminently 
promotes the growth factors during the algal biomass cultivation 
systems. Hyphomonas sp. Rhizobium sp. Sphingomonas sp., bacterial 
species has been interacted with volatile compounds (e.g., Dimethyl 
disulphide, Tetranitromethane, Indole, and Dimethyl trisulfide) and 
works as nutrition supplements for algal (e.g., C. vulgaris) culture 
refinement. Furthermore, with the genetic modifications tnaA genes 
have been manipulated through knock out procedure with E. coli 
K12 mutant strain toward enhance the algal biomass generation [58]. 
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Some zooplankton, bacteria, virus, and protozoa have also been used 
as an environmental key factors for algal (e.g., C. protothecoide and 
C. kessleri) biomass, lipid productivity. A study have been reported 
that Kinetin, gibberellic acid (GA3), indoleaceticacid (IAA), 
Jasmonic acid (JA), Salicylic acid (SA), Methyl jasmonate (MJ), 
Polycyclic aromatic hydrocarbons, Indomethacin (IM), Ethanolamine, 
2,2_-azo-bis(2-amidinopropane)-dihydrochloride (AAPH), viologen 
(MV), 2-phenylacetic acid (PAA), Indole butyric acid (IBA), 
naphthalene acetic acid (NAA), N-6-benzylaminopurine, N-6-furfu-
rylamineopurine, allantoin (AT), brefeldin A, anthranilic acid, and 
tryptamine, 2-phenylacetic acid (PAA) such as some chemicals have 
been metabolized with different types of interactions during the 
synthesis of various algal biomolecules from diverse microbial regimes 
(i.e., Chlorella vulgaris, Monorapbidium convolutum, Dunaliella 
salina, Spirulina platensis, Chlorella pyrenoidosa, Chlorococcum 
sp., Anabaena sp. PCC7120, Scenedesmus obliquus, Microcystis 
aeruginosa, Haematococcus pluvialis, Chlamydomonas reinhardtii, 
Selenastrum capricornutum, Nostoc muscorum, and Tolypothrix tenuis) 
including biomass generation [59]. A study has also been revealed 
that some algae-bacteria interactions have been synthetically induced 
for algal biomass growth augmentation. The phycosphere bacterial 
communities have been interacted with axenic C. vulgaris (ACV) 
algal species and significant algal biomass accretions (P < 0.05) were 
perceived [60]. During the Emiliania huxleyi algal cultivation, with 
Roseobacter species interaction has been widely studied. Azospirillum, 
Mesorhizobium species were provided the nutrients of the algal cells 
towards amelioration the biomass equality. Through the genetic 
modifications Roseobacterium sp. and Ruegeria pomeroyi DSS-3 have 
been interacted with Thalassiosira pseudonana CCMP1335 diatom 
strain. The bacterial consortium continuously has been provided the 
Vitamin B12 in to the algal culture towards raise the algal growth 
throughout the 2, 3 dihydroxypropane-1-sulphonate exhalation. The 
α-proteobacteria Roseobacter, γ proteobacteria Marinobacter sp. were 
interacted with microalgal sp. and those bacterial species produces 
siderophore vibrioferrin compounds which binds with Fe (III) and 
gives nutrition in algal culture medium. Scenedesmus sp. BA032 and 
Neochloris oleoabundans algae have been fused with A. vinelendi 
species. This bacterium sp. is known as a higher supplier of nitrogen 
source for algal biomass cultivation. Chlorella vulgaris shows 
superior lipid production yield under the heterotrophic conditions 
throughout the faction of Azospirillum brasilense. It is a growth 
promoter bacterium species for higher plants. Moreover, Phaeobacter 
gallaeciensis is known as a growth enhancer and antibiotic producing 
Roseobacterium species for algal cells. A study has been proclaimed 
that under the suboptimal growth conditions E. huxleyi produces 
p-coumaric acid. P. gallaeciensis triggers the algaecide Roseobacticide 
during the biosynthesis. It has been lysed the microalgal cells at 
nanomolar concentrations and provided the nutrition and food during 
the cultivation in to the algal cells simultaneously [61].

4.4. Effects of pH on Algal Biomass Generation
The pH is another factor that directly or indirectly effects some algal 
growth. The pH used as a nutrient adsorbent for algal culture medium. 
The range of pH 10-11 or its above is not suitable for most of the algal 
biomass generation system. In the culture medium carbon source is 
being balanced by pH. And it plays very eminent role for algal biomass 
generation. Nannochloropsis sp.; Tetraselmis sp.; and Isochrysis sp. 
have grown in the 6.75–7.25 pH range. After 15 days, cultivation 
pH value has been reached 8.25. A recent study have been depicted 
that HCL, sodium bicarbonate can control the pH range during the 
cultivation of Tetraselmis suecica, Chlorella sp. carbonic acid have 

been formed by these compounds and used as a carbon source for 
algal culture medium toward more biomass production. During the 
5–11 pH range Chlorella sp. produces 167.5 mg.L–1 highest biomass 
yields within 30 days cultivation. During 5.5–8 pH range Chlorella sp. 
produces 1600 mgl highest biomass yield during 50 days cultivation. 
During 6.5–8 pH value Tetraselmis suecica produces 950 mg/L highest 
biomass yield within 50 days cultivation. However, different algal 
species has been varies different pH ranges. Most of the algae have 
been grown within 7–9 pH range. Also some study has been revealed 
that Anabaena variabilis cultivation medium pH value was 8.2–8.4. 
At the 8–9 pH range, Nannochloropsis sp. has been generated their 
highest biomass. Thalassiosira pseudonana; Thalassiosira oceanica, 
and Skeletonema costatum are cultivated in >pH 8.8 and 6.5–9.4 pH 
range, respectively [46]. Pinguiococcus pyrenoidosus 2078 algal strain 
has been cultivated with 7 pH ranges culture medium. The highest 
PUFAs and EPA 38.75% and 23.13% of the total fatty acids yield 
has been observed [47]. Spirogyra and Oedogonium species has been 
observed highest growth rate during 7.5 pH condition. Chroococcus 
turgidus, Lyngbya confervoides, Nostoc commune, Chaetoceros 
calcitrans, and Skeletonema costatum species has been produced their 
highest biomass at maximum pH of 8.5 [62]. S. abundans produces 
769 mg.L–1 and 179 mg.L–1 biomass and lipid yield during the 6–8 
pH range. N. oleoabundans produces 1.04 g.L–1, and 19.1 mg.L–1.day–1 
cell growth and lipid generation yield in pH 9.5. Ettlia sp. YC001 and 
S. obliquus have achieved 96.7 mg.L–1.d–1 biomass and lipid growth 
rate during the 8.5 and 7.0 pH conditions [55,63].

4.5. Influence of Nutrients, Salinity and Different Metal Ion 
Stress towards Improving Algal Biomass
Nutrients, salinity stress, and various metal ions are also plays a crucial 
role on algae cultivation and raise their biomass growth, respectively. 
A research experiment has been depicted that C. vulgaris and S. obliquus 
algal species were grown with Mg2+, Ca2+ and NaCl nutrients culture 
medium. It shows 1.6 g.L–1, 1.5 g.L–1, and 331 mg.L–1, 224 mg.L–1 lipid 
yields, respectively. Furthermore, ~40% (DCW) lipid yield has been 
observed in both cultures as well as in the NaCl supplemented medium 
[64]. Under the adequate nitrogen starvation estate algal regimes 
were increased rapidly 7–10 folds. During the nitrogen assimilation 
photosynthesis receptivity was developed and the TAG lipid production 
has been ameliorated. Prorocentrum donghaiense and Chlorella 
rathinasabapathi increase 2–3 fold lipid biomass yield under moderate 
nutrient stress and nitrogen deprivation conditions. Monallantus 
salina produces 72% lipid under nitrogen stress. Scenedesmus sp.; 
and Chlorella sorokiniana reached >40% lipid yield. During the iron 
concentration, Ankistrodesmus falcatus has been reached their highest 
biomass yield 6 mg L–1. Chlorella minutissima and Scenedesmus 
obliquus produces 29.19% and 18% to 40% dry weight biomass, 
respectively [46,47]. Furthermore, Dunaliella parva, Chlorella sp., 
Scenedesmus sp., Monodus subterraneus, Chaetoceros sp., Pavlova 
lutheri, Nanochloris atomus, and Sprirulina sp. several algal species 
can produce different quantities of biomass and lipid contents under 
phosphorus and trace metal stress (i.e., Fe3+, NaNO3, Mg2+, FeCl3, 
and ZnCl2 etc.). C. nivalis and Dunaliella sp. have been cultivated in 
extreme salt stress condition. In the higher NaCl concentration, those 
species has been produces their maximum biomass 70.13 g/L g.L–1 and 
70% lipid (DCW) yield. Besides Chlorella minutissima and Nitzschia 
Laevis produces 40 and 20 g.L–1 lipid biomass yield in high salt 
concentration medium. An experimental study has been exposed that 
the usage of sodium ions during C. Mexicana and S. obliquus algae 
cultivation generated 0.8 g.L–1 and 0.65 g.L–1 higher biomass yield 
within 20 days cultivation period. Monodus subterraneus increase ~ 
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6 fold TGA lipid yield during the phosphorus limiting conditions [65]. 
Acutodesmus obliquus produces the highest biomass yield 160.71 mg.L–

1.d–1 during the magnesium, calcium, and iron stress. A study have also 
been reported that Ankistrodesmus falcatus KJ671624 algal strain was 
cultivated and manipulated through the nitrogen, phosphorus and iron 
stress 750 mg.L–1, 0 mg.L–1, and 9 mg.L–1. It reaches to74.07 mg.L–1.d–1 
lipid productivity yield [66,67]. 1.0–10% nitrogen content microalgal 
biomass. During this feasible ecological pressure on N deficiency 
lipid accumulation has been reached higher yield. Molybdenum, zinc, 
cobalt, copper, boron, and chloride are also elemental nutrients for 
algal growth. A study have been revealed that Monoraphidium sp. T4X 
algal strain has been cultivated in six different nitrate stress conditions 
and it has been seen that the highest biomass and lipid productivity 
yield emphasizing 0.36 g/l/day and 0.18 g/L/day simultaneously [53]. 
Throughout the sudden nitrogen stress conditions Chlorella vulgaris 

NIES-227, Nannochloropsis sp., Acutodesmus dimorphus produces 
89% fatty acid methyl esters, 60% lipid, 75% neutral lipid of total 
dry algal biomass cells [55]. 35 g.L–1 glucose and 0.125 g.L–1 NaNO3 
concentration Chlorella sorokiniana FACHB-275 strain content 
320 mg.g–1 dry weight lipid yields. Scenedesmus sp. CCNM 1077 and 
Monoraphidium dybowskii LB50 strain produces 74.8% neutral lipids 
under several NaCl concentrations [45].

5. GENETICALLY ENGINEERED ALGAE FOR 
IMPROVING BIOMASS FOR SUSTAINABLE 
UTILIZATION

Genetically engineered algal regimes has been paid great attention 
than wild type background in term of gaining higher productivities and 
yields of desired value added products generations. There are several 

Table 2: Genetic and metabolic engineering toward algal biomass enhancement.

Purpose of 
gene expression

Species Gene Mode of action Biomass production and accessory 
observations

References

Photosynthetic 
CO2 assimilation 
(Calvin cycle)

S. elongatus RuBisCO (rbcLS 
and rbcS) 

Over-expression 1–4 fold increase in Rubisco activity. 
Isobutyraldehyde productivity increased.
6230 µg.L–1 .h–1isobutyraldehyde

[90]

Synechocystis sp. RuBisCO (rbcL and 
rbcS)

Over-expression Increased growth rate and photosynthesis. 
Photosynthesis rate increase 54% and 42% 
(strains FL50 and FL52).
Oxygen evolution rates increased 63% and 49%.

[91]

Nannochloropsis 
oceanica

RuBisCoactivase 
(nNoRca-like)

Over-expression Biomass and lipid productivity increased by 46 
and 41%, respectively.
46–53%/dry weight biomass. 40%/dry weight 
lipid.

 [92]

Dunaliella bardawil, 
Chlamydomonas 
reinhardtii

Sedoheptulose 1,7 
bis-phosphatase 
(CrSBPase)

Over-expression Improved photosynthetic performance.
50–100%

 [93]

Chlorella vulgaris s-FBA Over-expression Increased photosynthesis by 1–2 fold and 
enhanced growth.
Biomass 0.130 ± 0.004 g and 0.131 ± 0.006 g L–1 
day–1 (Tps3 and Tps5 strain). 

 [94]

Optimum light 
energy use 
efficiency

Chlamydomonas 
reinhardtii.

tla1 Suppression Higher photosynthetic productivity.
Greater than 1,500 mol photons m–2. s–1

[22]

Chlorella vulgaris CpSRP43 Suppression Higher photosynthetic yield
2,000 µmol photons m–2. s–1

[95]

Chlamydomonas 
reinhardtii

tla4 Suppression 
(450 µmol 
photons m–2.s–1)

Higher photosynthetic quantum yield
0.154 ± 0.005 h–1

1.59 folds greater than other wild type mutant 
strains

[109]

Chlamydomonas 
reinhardtii

TLA3-CpSRP43 Suppression Improved efficient solar energy conversion 
efficiency.
500 µmol photonsm–2. s–1 

[104]

Chlamydomonas 
reinhardtii

chlorophyllide a 
oxygenase (CAO)

Suppression Two fold increase in photosynthetic rate
15–35% higher cell density

[103]

Chlamydomonas 
reinhardtii

LHC1 Suppression Higher photosynthetic quantum yield
increase photosynthetic efficiency levels 1–2% 
from any environment

[98]

Chlamydomonas 
reinhardtii

Ad1/Pmp1,
HLA3

Over-expression Maintain high CO2 concentration at the catalytic 
site of RuBisCO, induce photosynthetic Ci 
affinity

[97,105]

Abiotic stress 
tolerance

Schizochytrium sp. SOD Over-expression Enhanced PUFA production without 
compromising growth rate
6.96 ± 0.16 g.L-1 biomass. 25 ± 0.37 mg.g-1 PUFA 
rate

[106]
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avenues which use to transfer exogenous genes for heterologous 
functionalization in sustainable algal host. However, any single 
genetic alteration is not fully satisfactory to solve aforementioned 
issues (lower productivity of value added products, and lower biomass 
productivities) in broad spectrum of algae considering diversity in algal 
cell wall composition and complicated structural assemblies. There are 
majorly three types of genetic material namely nuclear, chloroplast and 
mitochondrial genome which influence the level of gene expression 
and regulations in different compartments within algal cellular 
platform. Model eukaryotic algae Chlamydomonas reinhardtii is most 
effective algal host where lots of genetic manipulative approaches have 
been extensively applied by various researchers time to time [68-71]. 
However, the rate of genetic stability, biomass productivity, metabolic 
regulations, and heterologous expression levels are quiet inconsistent 
till date. However, few success rates have also been reported involving 
Volvox carteri, Chlorella sp. [72], Dunaliella salina [73], Haematococcus 
pluvialis [74] Euglena gracilis [75], Diatoms (Phaeodactylum 
tricornutum, Naviculasaprophila sp, Cyclotellacryptica sp. and 
Thalassiosira weissflogii), dinoflagellates (Amphidinium klebsii and 
Symbiodinium microadriaticum), and red algae Porphyridium sp. [76] 
and Cyanidioschyzon merolae). The genetically modified C. reinhardtii 
have generated through use of Agrobacterium tumefaciens mediated 
Ti plasmid based gene transfer approach [39]. Genetically modified C. 
reinhardtii transformants are being screened through using selective 
markers, that is, antibiotic dominant marker concerning genes which 
confers certain difficulties to grow. Therefore, certain specific kinds of 
selective marker has been designed and established for Chlamydomonas 
reinhardtii likely the R100.1 plasmid/bacteriophage T4/synthetic 
aminoglycoside adenyl transferase gene (aadA) confers resistance 
to spectinomycin and streptomycin [77], the Streptoalloteichus 
hindustanus selectable gene to zeomycin and phleomycin [78], the 
mutated Chlamydomonas reinhardtii protoporphyrinogen oxidase gene 
(ppx1) to the N-phenyl heterocyclic herbicide S-23142 [79]. An extended 
analysis has clearly been implemented to enhance algal biomass growth 
through the alternations and advancements of genetically modified 
tools. Light-harvesting complex stress-related (Lacer) proteins, orange 
carotenoids Protein (OCP), and over expression of RuBisCO tends 
to elevate the algal biomass yield. Two light harvesting complex 
proteins likely light-harvesting complex stress-related (LHCSR) and 
PSBS-photosystem II subunit-S are being used for expansion of the 
photosynthetic antenna size of C. reinhardtii with the 77K fluorescence 
spectrum. Super complex LHCSR3 proteins have fused with PSII-
LHCII for fixation of photosynthetic stability [80,81]. To attain few 
algal cellular targets, that is, Arthrospira maxima and Synechocystis 
sp. have been fused with OCP-orange carotenoids protein. OCP is a 
photoactive protein with the carotenoids and 39-hydroxyechinenone 
main domains. However, slr1963 gene and OCP associated genes 
have been interacted in Synechocystis sp. toward acceleration of 
photosynthetic mechinaries. Synechocystis slr1964 gene has fused with 
fluorescence recovery protein (FRP) to accelerate the light independent 
binding efficacy. Synechocystis sp. PCC 6803 has encoded with 
flavodiiron proteins (FDPs) throughout the fusion of sll1521 (flv1), 
sll0219 (flv2), sll0550 (flv3), and sll0217 (flv4) multiple gene clusters 
for the induction of the photo-protection mechanism. During the dark 
period algal cultivation few promoters such as fcp and EF2 have been 
used for several downstream genetic expression in heterologous host, 
that is, P. tricornutum diatom for gene manipulation as well as light 
inducer [82,83]. Synechocystis sp. PCC6803 model algal species 
achieve 0.08 g dry cell weight per liter biomass with the addition of 
1 g/L glucose through implementation of the proteome allocation 
system. In addition, during the downregulation of rbcS gene under 

the CO2 enriched conditions using of anti-sense RNA (35%) increase 
the photosynthesis rate 15%. This approach can only be applied for 
rice plant, since currently it should be a baronial approach for enhance 
algal biomass biosynthetic using the genetic modification [84]. CPC-
operon deletion has been initiated in Synechocystis species (Δcpc) 
for elevate generation yield as well as photosynthesis efficiency. 
After the modifications of Planktothrix PCC 7821, Planktothrix PCC 
7805 strains have shown that higher quantities of electron globules 
formations in the thylakoids membrane [85,86]. Rubisco enzyme 
system based metabolic activities has been applied to Haematococcus 
pluvialis species toward genetic alternation under mixotrophically 
cultivation state. Moreover, rbcL and rbcS genes are overexpressed to 
enhance algal biomass quantity. Subsequently, LhcsR1, LhcsR3.1, and 
LhcsR3.2 homologous genes in the C. reinhardtii algae are enciphered 
with LhcsR protein during the psbS1 and psbS2 gene fusion by psbS. 
Moreover, these immense genetic modification systems influence the 
variant signals such as light intensities (higher light efficiency, UV 
light, and red light consumption) during the gene expression [87,88]. 
In addition to dominant selectable marker are also established recessive 
markers which are required for auxotrophic mutants with mutations 
in the corresponding endogenous gene and the corresponding intact 
gene for complementation. Often selectable marker genes cannot be 
expressed under their own promoters, especially if they come from a 
heterologous source. There are several algal species have undergone 
genetic engineering approaches to improve the biomass generation, 
photosynthetic efficiencies, and carbon dioxide sequestration (Rubisco 
enzymatic activities) which are described in Table 2.

6. FUTURE OUTLOOK

In this current extensive literature review, there are several aspect of 
algal biomass based high value added product generation has been 
clearly depicted. There are several aspect of algal genetic modulatory 
approaches have also been included for accelerating algal biomass 
productivities and yields in different algal regimes for improving 
value added industrially feasible products generations. However, the 
current algal biomass aspired bio-platform or microbial cellular factory 
approach is still in its infancy toward large scale production or scaling 
up stage due to different biorefinery constraints. Moreover, algae 
derived biomolecules do contain several drawbacks which restrict algal 
biomass associated technology to fully implement in industrial scale 
production process to serve community as an economically alterative 
viable technology. These major demerits include higher production 
cost, CO2 generation during combustion, and algal toxins mediated 
human health and environmental issues [89]. To this end, these major 
disadvantages need to be addressed to make the algal biomass associated 
high value added products generations sustainable in near future.
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