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PREFACE 

  

 Water pollution and energy scarcity are the serious global issues amplified by 

the unprecetendent population growth, intensive urbanization and use of fossil fuels. 

The increasing water demand driven by escalating population, economic growth, 

higher living standards, and scarcity of water is becoming the main threat towards 

sustainable development. Wastewater management and its regular treatment continues 

to be one of the biggest challenges for India as industrial and municipal wastewater 

are getting disposed off in the rivers as yet. Wastewater discharged into water bodies 

poses harmful impact on the different ecosystems due to occurrence of enormous 

quantity of inorganic nutrients, toxic heavy metals and other hazardous pollutants. 

Wastewater discharged without the adequate treatment causes eutrophication, 

acidification and accumulation of toxic pollutants in the freshwater bodies resulting in 

severe water toxicity. Several treatment facilities have been recommended by the 

regulatory authorities but due to high cost and energy, such methods are hardly 

followed for the management of wastewater. Therefore, it is important to employ 

innovative, reliable, and sustainable approaches to tackle the increasing menace of 

water pollution. Management of wastewater using microalgae can offer myriad of 

benefits to the society over other methods of treatment. Microalgae are very 

promising alternative for nutrient reutilization, metal detoxification and biomass 

production. Inspite of multiple advantages, the wastewater treatment through 

microalgae is still having many technological bottlenecks as the daily as well as the 

seasonal fluctuation in temperature and light intensity affects the growth and biomass 

production potential of the microalgae. The rapidly changing environmental factors 

such as temperature and light affect the efficiency of microalgae by altering 

photosynthesis and other metabolic pathways responsible for the lipid synthesis and 
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activity of anti-oxidative enzymes. Furthermore, employing single organism for 

wastewater treatment has to compete with the existing wastewater diversity which can 

affect the remediation potential and biomass production of the microalgae. Thus, 

using consortia of different compatible microalgae in a community form can be more 

suitable alternative to enhance the rate of wastewater remediation and to mitigate the 

damage posed by multiple stresses with an enhanced biomass yield for biofuel 

production. Furthermore, the influence of temperature and light intensities on the 

photosynthetic performance, lipid accumulation and defense mechanisms could be 

analysed to elucidate the different cellular modifications adopted by the algal 

consortia to manage temperature and light stresses. Therefore, the comprehensive 

assessment of these algal consortia treated with municipal wastewater under different 

light intensity and temperature conditions can make algal consortia a resilient bio-

system for the wastewater remediation under the natural environmental conditions.  

Thus, the present study entitled “Utilization of Multispecies Microalgal 

Biosystem for Wastewater Remediation and Biofuel Production” was carried out to 

give scientific knowledge about the ability of algal consortia to remediate wastewater 

and improve lipid production under the different environmental conditions. The 

alteration in growth kinetics, photosynthetic performance, biochemical modification, 

antioxidants activity and biofuel production potential were measured by using UV-

Visible spectrometry, fourier transform infrared spectroscopy (FTIR), Chlorophyll 

fluorescence induction kinetics (OJIP) curve, and GC-MS (Gas chromatography and 

mass spectrophotometry) analysis. 

 In this thesis, the research outcomes presented was an attempt to improve the 

flexibility of the bio-based treatment system by screening the algal consortia tolerant 

to variable environmental condition. The present study encompasses multiple aspects 
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from resource recovery, stabilization of wastewater attributes to improvement in lipid 

and biofuel production using wastewater as the sole nutrient media under the different 

light intensity and temperature regimes. The present thesis is divided into following 

chapters:  

Chapters       

Chapter I: „Introduction‟ presents the outline of the work and attempts to provide the 

rationale of the research work along with the list of objectives to be accomplished in 

this thesis.  

Chapter II: „Review of Literature‟ provides an overview of the work done by several 

investigators in the field of microalgae, algal consortia, wastewater treatment, 

environmental stress conditions, antioxidant defense mechanism and biofuel 

production.  

Chapter III: „Materials and Methods‟ is exclusively assigned to the general 

methodology used during the present investigation.  

Chapter IV: Microalgal competence in urban wastewater management: 

phycoremediation and lipid production is assigned to identify the potential of single 

microalgae in terms of growth, pigment content, stress biomarkers and defense 

mechanism to adapt and tolerate different stress conditions posed under natural 

environment. 

Chapter V: Implication of municipal wastewater on growth kinetics, biochemical 

profile, and defense system of Chlorella vulgaris and Scenedesmus vacuolatus is 

assigned to assess the adaptability potential of monoalgal species to tolerate different 

wastewater concentrations. The study was conducted in plastic tubs under natural 

environment to screen the algal species that show prolific growth, promising 
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remediation efficiency, lipid synthesis and potent antioxidant defense mechanism 

against adverse conditions.    

Chapter VI: Algal consortia based metal detoxification of municipal wastewater: 

Implication on photosynthetic performance, lipid production, and defense responses is 

assigned to examine the role of selected algal consortia in treatment of municipal 

wastewater under laboratory conditions. The study was conducted under controlled 

temperature and light intensity conditions in order to observe the effect of wastewater 

on growth, biomass production, photosynthetic performance, biochemical profile, 

lipid accumulation and defense mechanisms of algal consortia.  

Chapter VII: Algal consortia as the flexible biosystem for wastewater treatment: 

effect of different light intensities on photosynthetic performance, anti-oxidative 

system and biodiesel production is assigned to analyze the combined effect of light 

intensities (20 W/m
2
 and 40 W/m

2
) and wastewater concentrations (25-100%) on 

nutrient reutilization, metal detoxification and biochemical profile of consortia 1 and 

2. The present chapter was not only aimed to screen the algal consortia tolerant to 

different light intensities but also to examine the effect of different light intensities on 

remediation efficiency, growth kinetics, lipid bio-synthesis, oxidative damage, stress 

mitigation mechanisms and biofuel production. 

Chapter VIII: Effect of different temperature regimes on removal efficiency, 

photosynthetic parameters and fatty acid profile of algal consortia sheds light on the 

role of different temperature regimes in algal growth and biomass production. The 

study also focuses on different photosynthetic parameters, lipid accumulation, 

oxidative stress biomarkers and antioxidant responses of selected algal consortia. 

Apart from analyzing the effect of temperature on algal consortia, the study also aims 
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to screen the adaptable and tolerant algal consortia keeping in consideration the 

growing wastewater complexity and rapidly changing temperature conditions.      

Chapter IX: Competence of algal consortia under natural environment: remediation 

efficiency, photosynthetic performance and antioxidant activity. This chapter throws 

light on the resilience of algal consortia 1 and 2 to tolerate natural environmental 

conditions and grow vigorously with enhancement in remediation efficiency, lipid 

accumulation and biodiesel production. The study also examined the cellular 

modification such as biochemical constituent, pigment content and modification in 

photosynthetic parameters adopted by algal consortia against unfavorable conditions. 

The present chapter also aimed to examine the potential of algal consortia for large 

scale biomass and lipid production under outdoor environment.  

Chapter X: Summary and Conclusions summarizes the major outcome of the present 

research work 
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Chapter-1 

Introduction 

1.0 Introduction 

Water is imperative and necessary resource for the survival of organisms and 

underpins the functioning of different ecosystem (Mushtaq et al., 2020). Inspite of 

being essential component of the life, water is one of the most poorly managed 

natural resource today. The most pervasive problem that affects the global 

population is inadequate access to clean water. Shrinking lakes, rapidly declining 

ground water table, deteriorating water quality and inadequate treatment methods has 

increased the scarcity of freshwater (Hoekstra, 2014). Water crises and insufficient 

clean water has become the world’s most persistent problem now (Hanikel et al., 

2020). The scarcity of clean water will more worsen in near future even in the 

regions currently containing adequate quantity of water for human use, if not 

managed properly. At world economic forum, Ban Ki-moon urged leaders from the 

all over the world to keep water crisis as the top agenda to prevent emerging 

conflicts over the freshwater. The inadequate freshwater availability and supply will 

hamper economic growth and accelerate the regional disputes for the water 

(Hightower and Pierce, 2008). Schewe et al., (2014) have reported that climate 

driven changes can leads to increment of 40% people living in regions with water 

availability of less than 500 m
3
 yr

−1
. By 2050, the population will reach to 9.5 billion

globally and approximately 66% of total population will shift from rural to urban 

area (UN, World Urbanization Prospects: The 2014 Revision). Such population 

growth and migration towards urban areas will not only increase water scarcity but 

https://www.nature.com/articles/nclimate2214#ref-CR3
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also leads to vast generation of wastewater (Kookana et al., 2020). Wastewater 

generation is increasing at alarming rate as most (70-80%) of the water supplied for 

domestic use is discharged without any proper treatment (Abinandan and 

Shanthakumar, 2015). This practice of wastewater discharge is more in developing 

countries like India whose wastewater management has become a key problem as the 

number of wastewater treatment plants is not keeping pace with rapid wastewater 

generation (Kaur et al., 2012). As per the reports of World Health Organization 

(WHO, 2000) and Central Pollution Control Board, (CPCB, 2009), 65-69% of the 

generated wastewater is disposed without any appropriate treatment into the 

environment in Asia including most of the cities of India. In India, only 51% of the 

wastewater generated from metropolitan cities is subjected to treatment and 49% of 

remaining untreated wastewater is discharged into the environment. On the other 

hand, the rapid industrial growth and urbanization has increased the pressure on the 

available resource and the major obstruction behind water quality deterioration is 

inappropriate discharge and mismanagement of wastewater (WHO and UNICEF, 

2010). 

The incessant pollution has restricted the availability of water in major parts 

of the world (Damania et al., 2019). This intensive global water crisis has forced 

world leaders to devise policies regarding judicious use, proper management and 

reuse of wastewater (Hightower and Pierce, 2008). The conventional methods (Fig. 

1.1) for wastewater treatment disinfect, desalinise and decontaminate water however, 

due to energy and chemical intensive nature, such methods require huge financial 

investment, infrastructural facilities and technological modifications from time to 

time which ultimately prelude their use for continuous wastewater treatment in 

regular practice (Shannon et al., 2010). Even in industrialized nation, drawbacks 
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associated with such treatment methods make it arduous to resolve several problems 

linked with wastewater management and its cost effectiveness (Shannon et al., 

2010). Additionally, it is very difficult for the single conventional technology to 

simultaneously stabilize the different physico-chemical attributes of various kinds  

of wastewater (Ma et al., 2017). 

Fig. 1.1 Conventional methods for the treatment of wastewater 

1.1 Types of wastewater 

1.1.1 Municipal wastewater 

The wastewater produced from domestic, residential, businesses and 

institutes is categorized as municipal wastewater. Wastewater from domestic area is 

usually grey coloured with bad odour (Khan and Kaafil, 2020) and contains 70% of 

organic compounds and about 30% of inorganic contaminants (Von Sperling, 2007). 
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The composition of municipal wastewater varies with source of wastewater even 

daily and seasonally throughout the year. The nutrients such as nitrogen and 

phosphorus concentration ranges from 15–90 and 5–20 mg L
-1

 in municipal

wastewater (Kligerman and Bouwer, 2015). Municipal wastewater is also enriched 

with dissolved ions, organic matter, oil, fats, detergents and metals and when 

discharged into the environment, these chemicals can have detrimental impacts on 

the aquatic and terrestrial ecosystem (Margot et al., 2015). 

1.1.2 Agro-industrial wastewater 

Agro-industries and food industries generate solid, liquid and gaseous waste 

during the processing operations as well as treatment and disposal of waste (Sadh et 

al., 2018). Agro-industrial waste contains huge quantity of organic material, 

suspended solid along with high COD and BOD level (Leiva-Candia et al., 2014). 

Agriculture is considered as one of the largest consumer of water. The runoff from 

the agricultural fields also contains persistent pollutants in the form of the heavy 

metals and pesticides (Anju et al., 2010). Agro industries such as diary, food, 

slaughterhouse, and distillery contains huge amount of nutrients responsible for 

pollution of water bodies (Shen et al., 2019). Apart from agro-industries, livestock 

and poultry farms also contribute the significant amount of nutrients in the 

wastewater.  Kligerman and Bouwer, (2015) reported that abundant amount of 

nitrogen (185 - 3213 mg L
-1

) and phosphorus (30- 987 mg L
-1

) is discharged as dairy

and swine wastewater. Achieving zero water footprints in agriculture sector is very 

difficult but the water consumption pattern as well as pollution level can be 

decreased substantially (Brauman et al., 2013). 
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1.1.3 Industrial wastewater 

Rapid industrial development from the past century along with improved 

living standards of the people together brings several environmental issues (Bulgariu 

and Bulgariu, 2020). Industrial wastewater is complex mixture of different toxic 

pollutants which even in small amount can persist and deteriorates the health of 

environment. Different industries such as textile (Qadir et al., 2015),  electroplating 

(Elystia et al., 2020), paint (Nair et al., 2021), dye (Shindhal et al., 2021), paper and 

pulp (Usha et al., 2016), tannery industry (da Fontoura et al., 2017) and 

pharmaceutical industry (Hena et al., 2021) continuously releases organic matter, 

nutrients (N and P), dyes, heavy metals and other recalcitrant pollutants in the 

wastewater (Gupta et al., 2016). 

Currently, energy scarcity and water pollution are the major issues at global 

level which need to be addressed immediately for smooth functioning of the lifeform 

on the planet mother Earth (de Amorim et al., 2018). The indecent planning has lead 

to depletion of energy reserves (Owusu and Asumadu-Sarkodie, 2016) and 

deterioration of freshwater resources at very alarming rate (Mushtaq et al., 2020). 

Energy is considered as the engine for economic and social growth of the country. 

This energy demand is currently being fulfilled by fossil fuel reserves (Martins et al., 

2019). The developing countries undergoing modernization and industrialization 

requires sufficient energy to sustain the unprecedented demand of the population 

(Zhu, 2015). The spontaneous exploitation of fossil reserves along with population 

explosion, improving living standards and urbanization are the main causes of 

energy scarcity and climate change (Perera, 2018). Several inexhaustible options of 

energy like solar, wind, hydropower, and plant based biomass are being used in 

various countries to not only enhance the production but reduce the energy crisis in 
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environmentally sound manner (Mata et al., 2010). The biomass is believed to fullfil 

almost 1/4
th

 of the energy demands globally and also serves as the viable substrate to

elevate the production of valuable bio-compounds (Briens et al., 2008). Food crops 

also have good potential of biofuel production; its competition along with the need 

of food security will be major concerns to hinder their use for energy production 

(Stamenković et al., 2020). Approximately, 50% of the agricultural land is required 

to sustain the fuel demand for transportation sector in US. The diversion of 

agricultural land for fuel production will creates huge imbalance in the food 

production and may even leads to food crisis. Exploiting energy crops for fuel 

production will compete with agricultural crops for land, water and nutrient resource 

(Alalwan et al., 2019). Thus, it is important to relay on the technique that must assist 

concurrently in attaining the energy targets, reduce the emission of green house 

gases and also enhances the availability of clean water with less consumption of the 

valuable natural resources (Hwang et al., 2016). 

Bioremediation is gaining huge attention as the focus is shifting towards 

sustainable wastewater treatment, resource recovery and biomass production (Rosli 

et al., 2020). The term bioremediation encompasses utilization of plants, bacteria, 

fungi and algae for the restoration of contaminated ecosystem (Kumar et al., 2018). 

Among different types of bioremediation approaches, microalgae based treatment 

system seems very flexible and sustainable approach for the wastewater treatment 

(Wang et al., 2022). Exploiting microalgae to treat wastewater of diverse origin is 

called phycoremediation (Shackira et al., 2022). Phycoremediation is preferred for 

the wastewater treatment as this approach improves the water quality by facilitating 

extraction of nutrients and toxic pollutants from contaminated environment 

(Priyadharshini et al., 2021) (Fig. 1.2). 
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Fig. 1.2 Role of algae based wastewater remediation in environmental 

sustainability 

1.2 Role of Microalgae 

Microalgae are categorized as prokaryotic or eukaryotic (Mata et al., 2010) 

unicellular (Katiyar et al., 2017) group of photosynthetic organisms (Thanigaivel et 

al., 2022) that play essential role in sustaining the balance of aquatic ecosystem. 

Microalgae are ecologically most important primary producers (Katiyar et al., 2017) 

responsible for fixation of more than 50% of carbon dioxide of the earth 

Swarnalatha, et al., 2019). Both plants and microalgae have similar photosynthesis 

process but the sunlight conversion efficiency of microalgae is higher than terrestrial 

plants (Sørensen et al., 2022). Microalgae can reduce the intensity of global warming 

as for the production of 1 g of glucose, almost 1.57 g of the CO2 is required by the 

microalgae (Yin et al., 2020). Due to high flexibility, tolerance, photosynthetic 

efficiency, carbon dioxide sequestration, and potential to accumulate 

carbohydrate/lipids, the microalgae based wastewater treatment methods are gaining 



Chapter-1 Introduction 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022         8 

global attention (Goswami et al., 2019). Microalgae based remediation is in itself the 

complete treatment system with capacity to resolve the different apprehensions from 

treatment of contaminated environment to energy production in cheap and 

sustainable manner (Tibbetts et al., 2015). Zuka et al. (2012) have estimated that half 

of industrial effluents if utilized as nutrient resource for microalgae can leads to the 

generation of 247 and 37 million tons of biomass and lipid respectively. Further, 

sorting water pollution and energy issues through the microalgae based treatment 

techniques may enhance the production of vital metabolites (Hannon et al., 2010) 

having multifarious role in food, cosmetic, pharmaceutical and neutraceutical 

industry (Mandotra et al., 2020) (Fig. 1.3). Further, the cost involved in wastewater 

treatment and concomitant algal biomass production can also be recuperated in the 

form of carbon credits for the several positive effects of microalgae based treatment 

system on the environment (Delrue et al., 2016). 

Fig. 1.3 Microalgae as the promising substrate for bioactive compounds 
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1.3 Phycoremediation of nutrients and heavy metals from wastewater 

Wastewater has plentiful of necessary nutrients (Gupta et al., 2019) and can 

acts as the reasonable replacement of synthetic media (Dudek et al., 2017). Nitrogen 

constitutes about 1-20% of dry matter and is important for the growth, protein, lipid 

and carbohydrate synthesis in the algae (Zarrinmehr et al., 2019). Microalgae 

convert inorganic nitrogen such as nitrite, nitrate and ammonia into the organic 

forms (Salbitani and Carfagna, 2021). Nitrate is one of the widely used nitrogen 

form due to its stability and less probability of pH shift of growth media (Yaakob et 

al., 2021). However, nitrate assimilation is possible only after its reduction by nitrate 

and nitrite reductase into ammonium (Singh et al., 2021). Phosphorus is 

indispensable for prolific growth of microalgae (Grobbelaar, 2004) and is vital 

constituents of DNA, RNA, ATP and cell membrane (Geider and La Roche, 2002; 

Yaakob et al., 2021). The orthophosphate is most readily assimilated through 

phosphorylation for the phospholipids,  nucleic acids, and protein synthesis by 

microalgae (Gupta et al., 2019). Phosphate deficiency in the growth media hampers 

cell division, protein synthesis (Åkerström et al., 2014), and functioning of 

photosynthetic machinery (Bucciarelli and Sunda, 2003). Excess phosphorus is 

stored as polyphosphate granules and algae use this surplus phosphorus under 

phosphorus deficient conditions (Singh and Pandey, 2018). Several researchers have 

reported that the microalgae can remove 80-100% of the nutrients from diverse 

sources of wastewater (Shahid et al., 2020). Utilizing microalgae for nitrogen and 

phosphorus removal increases the dissolved oxygen level of water and production of 

biomass, fertilizers and feed (Gonçalves et al., 2017).   

Heavy metals are important constituent of the material used in the production 

of several industrial products obtained through the different industrial processes 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/orthophosphate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nucleic-acid
https://www.sciencedirect.com/science/article/pii/S0964830515300950#bib2
https://www.sciencedirect.com/science/article/pii/S004896971932683X?casa_token=8lhXaRAHbcIAAAAA:1UmNCpY2gvKDio_dEzkcITA_IxhIPtbIEv2IGlk8HHBkd_znKhSuLo8ZUw31S_JeppwjqSgQ#bb0475
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(Ghasemi et al. 2014). Copper, chromium, cadmium, lead and arsenic are frequently 

detected heavy metals in the different types of wastewater discharged from various 

industries (Shrestha et al., 2021). Consequently, their continuous discharge and 

accumulation in different trophic level have enlarged the risk of exposure to diverse 

organisms (Ali et al., 2019). Heavy metals even in very low concentration can persist 

for years and have carcinogenic and mutagenic effects (Cesur et al., 2021). 

Elimination of metals from the environment is still a major challenge in term of the 

availability of operational technologies and effectiveness. Ion exchange, chemical 

precipitation, coagulation etc. are some of the frequently used methods for metals 

removal from the wastewater (Shrestha et al., 2021). These conventional techniques 

however, involve huge operational and maintenance cost which restrict their use for 

the wastewater treatment constantly (Fu and Wang, 2011). Most of the physico-

chemical techniques are also ineffective at very high concentration of heavy metals 

(100 mg/L) and are not considered promising for wastewater remediation (Jaafari 

and Yaghmaeian, 2019). It becomes very cumbersome for the most of the 

developing countries to rely and exploit such techniques for the treatment and 

management of wastewater. Thus, other appropriate treatment technologies and 

plans are required to facilitate environmental cleanup and ecosystem functioning 

required for existence of life on the earth (Khattiyavong and Lee, 2019). 

Microalgae remove heavy metals through multiple processes such as 

bioadsorption (cell adsorption), biodegradation (enzyme mediated degradation of 

toxicants), photo degradation (light and oxygen induced degradation), 

biotransformation (conversion of toxic substances into non toxic compounds) and 

bioaccumulation (high accumulation in cell organelles) (Sutherland and Ralph, 

2019). Recently, bio-adsorption has gained tremendous significance but other 
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strategies such as chelation and complextion are also adopted by viable algal cells 

for the metal removal from a contaminated environment (García-García et al., 2016). 

Additionally, under the metal stress environment, microalgae synthesize 

extracellular polymeric substances further enhancing the remediation efficiency of 

the wastewater treatment system (Naveed et al., 2019). Hamed et al., (2017) 

observed that Scenedesmus acuminatus can mitigate the heavy metal stress by 

enhancing the activity as well as concentration of different antioxidants such as 

proline, glutathione levels, GR and SOD. Additionally, the potential of microalgae to 

eliminate heavy metals from the contaminated environment depends upon the 

functional groups, types of metal ions, accessibility of binding groups as well as 

intracellular mechanisms. 

1.4 Microalgae and wastewater 

During phycoremediation, microalgae encounter various stressor such as 

nutrients, temperature, light, metals, UV radiation that affects the growth and 

metabolic activity of algae (Upadhyay and Mandotra, 2021). The stress conditions 

triggers oxidative damage in microalgae through enhanced production of ROS in the 

cell (Ugya et al., 2020). Reactive oxygen species (OH
•
, 

1
O2, H2O2), the pro-oxidants

accumulate in the cell both naturally and imposition of biotic as well as abiotic stress 

(Gauthier et al., 2020). The severity of damage depends upon the reactivity of ROS 

(OH
˖
>

1
O2>H2O2>O2

˖_
) as OH

˖
 being very reactive can degrade the cellular

organelles and biomolecules more than H2O2 (Asada, 2006). The reactive oxygen 

species are generated at normal rate in favourable condition but the rate of ROS 

generation generally gets enhanced under the unfavourable environment (Sachdev et 

al., 2021). Increased accumulation of ROS disturbs the equilibrium resulting in 
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oxidative damage to the cell or the cell is in “oxidative stress”. The threat posed by 

enhanced production of ROS is in the form of lipid peroxidation, inhibition of 

enzymes activity and damage to protein, nucleic acid and DNA (Xie et al., 2019). 

The severe damage even leads to the activation of pathways related to the 

programmed cell death (Mishra et al., 2011). To offset the increased generation of 

ROS in the cell, microalgae induces the synthesis of antioxidants which apart from 

neutralizing of ROS maintains the osmotic balance and cell viability (Upadhyay et 

al., 2016). In microalgae, antioxidants modify processes responsible for prolific 

growth and encourage survival by maintaining redox status and modulation of gene 

expression (Shao et al., 2008). The antioxidants operate at different levels involving 

prevention of over production of radicals, scavenging of ROS and repair of the 

damaged biomolecules (Li et al., 2021). The action of the antioxidants to overcome 

the stress induced damage involves first line (SOD, CAT), second line (tocopherol 

and ubiquinol), third line (polymerases, glycosylases, proteases) and fourth line of 

antioxidant defense system (Ighodaro and Akinloye, 2018). Superoxide dismutase 

(SOD) and catalase acts as first line of defense and are important antioxidants of the 

entire defense system especially in neutralizing of the superoxide anion (Ighodaro 

and Akinloye, 2018). The other antioxidants like proline and ascorbic acid also help 

to overcome the toxicity in the cell (Ugya et al., 2020). Proline assist in stabilization 

of protein, enzymes, osmotic balance, maintains integrity of the membrane 

(Szabados and Savouré, 2010; Shafi et al., 2019), scavenges heavy metals, ROS and 

protects lipids from degradation (Shafi et al., 2019). Cysteine, a significant 

component of phytochelatins (Balzano et al., 2020) acts as precursor for glutathione 

(Wirtz et al., 2010) which assist in protecting the unstable macromolecules, 

https://www.sciencedirect.com/science/article/pii/S0960852420301553#b0440
https://www.sciencedirect.com/science/article/pii/S0960852420301553#b0440
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sequester free radicals maintain photosynthesis and also play key role in neutralizing 

toxic derivatives produced through oxidation (Li et al., 2021). 

1.5 Strategies to elevate lipid yield for biofuel production 

Biomass from algae as the substrate for biofuel production is one of the 

important alternative to minimize the dependence on non renewable fuels 

(Shanmugam et al., 2021). The high lipid accumulating microalgae serve as the 

substrate for biodiesel production (Chen et al., 2022) while the high carbohydrate 

accumulating microalgae for bioethanol (Kumar et al., 2021) and biogas production 

(Nagappan et al., 2019). Various authors have reported that tailoring environmental 

conditions served as an efficient strategy to enhance the accumulation of energy rich 

compounds in the microalgae (Chu et al., 2020). Abiotic stress like nutrient 

starvation (Griffiths et al. 2014), UV radiation (Singh et al., 2019), salinity (Singh et 

al., 2018), light intensity and temperature are believed to elevate the accumulation of 

lipids in algae (Roleda et al. 2013). Stress conditions triggers modification in 

metabolic processes and genetic integrity leading to the accumulation of diverse 

metabolites and storage compounds in algae (Chu et al., 2020). Oxidative stress 

shifts metabolic pathways towards accumulation of carbohydrate and lipids as 

storage molecules in microalgae (Chokshi et al., 2015). Under stressful environment, 

the competition between carbohydrate and lipid synthesizing pathways occurs and 

the types of energy molecule accumulated depend upon the species of microalgae 

(Rismani-Yazdi et al., 2011). There are some factors which enhance the production 

of lipid include: 

https://link.springer.com/article/10.1007/s11274-016-2090-8#ref-CR19
https://link.springer.com/article/10.1007/s11274-016-2090-8#ref-CR49
https://www.sciencedirect.com/science/article/pii/S0734975014001475#bb0390
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1.5.1 Nutrient limited growth conditions 

Utilizing wastewater as the growth media depends upon the nutrient content 

and environmental factors (Arkronrat et al., 2016). Microalgae are promising source 

of lipids for biofuel production (Fal et al., 2022) but still are facing hurdles in terms 

of mass cultivation to sustain the fuel demand for growing population (Hannon et al. 

2010). Nutrient starvation is the most feasible approach to increase the accumulation 

of lipid and improve composition of fatty acid in microalgae (Roy et al., 2021). The 

availability of nutrients in wastewater has substantial impacts on the cell growth, 

multiplication, lipid production as well as fatty acid composition of algal biomass 

(Gupta et al., 2016). Microalgae diverts carbon skeleton towards carbohydrate and 

lipid synthesis after utilizing proteins and pigments as nutrient source under nutrient 

deprived growth conditions (Pancha et al., 2014). Nutrient limited condition in 

culture media stimulates starch and triacylglycerol accumulation as the energy 

reserve to escape stressful environment (Lawton et al. 2015). Under nutrient stress 

conditions, the inhibited cell growth and membrane synthesis also leads to the 

diversion of fatty acids into triglycerides (Roleda et al., 2013). 

1.5.2 Salinity 

Salinity is the common abiotic stress which influence productivity of algae 

(Sun et al., 2018) and limit the contaminants as well as competing microorganisms 

(Bartley et al., 2013). Salinity is considered as the cheapest stress for large scale lipid 

production and eventually biofuel production (Shi et al., 2020). Sea water and saline 

groundwater are preferred water source for cultivation of microalgae for biofuel 

production (Borowitzka and Moheimani, 2010). High salinity leads to generation of 

stress due to extracellular osmotic pressure in microalgae (Sajjadi et al., 2018). 

Pancha et al., (2015) observed that salinity stress enhanced lipid accumulation after 9 

https://link.springer.com/article/10.1007/s11274-016-2090-8#ref-CR31
https://link.springer.com/article/10.1007/s11274-016-2090-8#ref-CR49
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days treatment to Scenedesmus sp. CCNM 1077 followed by 6 days and 3 days. 

Salinity stress strongly influences the photosynthetic process and diverts the 

photoassimilates towards lipid synthesis (Singh et al., 2018) especially neutral lipids 

(Yilancioglu et al., 2014). The increment in neutral lipid accumulation provides 

rigidity to cell membrane and help to regulate the mineral ion in microalgae (Lu et 

al., 2012). In order to overcome the damage posed by salinity stress, microalgae also 

stimulate the metabolic pathways responsible for restoration of turgor pressure, 

solute accumulation and synthesis of stress proteins (Sajjadi et al., 2018). 

1.5.3 UV-radiation 

UV irradiance is mainly focused to enhance the lipid biosynthesis and large 

scale lipid production from microalgae (Singh et al., 2019). The shorter and stronger 

UV radiation exposure considerably affects the composition as well as production of 

lipid in microalgae (Seo et al., 2019). Sijil et al., (2019) reported that microalgae 

treated with UV radiation for 60 minutes showed an increase of 1.60 folds in lipid 

content. Similarly, lipid content was increased by 33.7%, in Ettlia sp. after treatment 

with UV-A and lipid content was higher under UV-A and UV–C as compared to 

UV-B after treatment for 18 h (Seo et al., 2019). Mengelt and Prézelin (2005) also 

observed that UV-A radiation enhanced the carbon fixation potential as well as 

synthesis of neutral lipids in the microalgae (Balaji et al., 2014) while UV-B 

inhibited the synthesis of lipid in C. vulgaris (Ganapathy et al., 2017). Further, 

shorter exposure of UV radiation stimulates lipid synthesis without damaging the 

essential cellular components in microalgae (Seo et al., 2019). 
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1.5.4 Cultivation pattern 

The microalgae cultivation carried under two stages is beneficial as compared to 

single stage cultivation (Nagappan et al., 2019). Although stress condition enhance 

the lipid yields but at the same time decrease the biomass productivity of the 

microalgae (Sun et al. 2018). Two stage cultivation has been suggested to overcome 

the challenges posed by nutrient limited growth conditions (Singh et al., 2016) and 

enhance lipid production without compromising with the biomass yield from 

microalgae (Xia et al., 2013). Mujtaba et al. (2012) also demonstrated that two stage 

cultivation improved lipid productivity as well as biomass production of Chlorella 

vulgaris and creates conditions that limits contamination under outdoor cultivation 

(Wensel et al., 2014). In two stage cultivation system, the microalgae are grown in 

the adequate nutrient conditions to obtain maximum biomass and subsequently the 

cells are shifted to nitrogen stressed condition to improve the lipid production 

(Chokshi et al., 2017). Thus, the depleted growth of microalgae under nutrient 

limited conditions may be balanced by multi-stage cultivation system (Nagappan et 

al., 2019). 

1.5.5 Stress amalgamation 

Recently, simultaneous nutrients and abiotic stress has shown potential to 

improve lipid productivity of algae (Singh et al., 2016). The knowledge about the 

synergistic effect of combined stress in terms of lipid productivity is important to 

maximize the yield of microalgae (Sun et al., 2014). Breuer et al. (2012) studied the 

effect of abiotic stress on TAG accumulation in microalgae and observed that TAG 

accumulation increased by 40% at neutral pH and temperature condition of 27.6 °C. 

High lipid accumulation was also observed under multi stress of metal, salinity and 
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nutrient in Chlorella minutissima (Cao et al., 2014). The combined stress of high 

temperature and metals initiate the shift in absorption spectra, elevates ROS 

generation as well as metabolic modification by altering the level of proteins, lipids 

and carbohydrates in the cell. The major advantage of exploiting the combined 

strategy is that one stress factor may compensate the negative effect of other stress 

factor. Moreover, under natural environment, microalgae is exposed to different 

stress condition and employing combined stress condition can assist in screening the 

highly adaptable and tolerant microalgae for lipid and biomass production (Singh et 

al., 2016). 

1.5.6 Light and temperature 

In natural environment, sunlight is the source of energy for algae (Mehan et 

al., 2018), but continuous seasonal variation, weather conditions and day/night cycle 

greatly changes the intensity of light (Castrillo et al., 2018). González-Camejo et al. 

(2019) suggested that the performance of microalgae is influenced by the net photon 

flux but not by light regime and time of the day the energy is received by 

microalgae. Light intensity controls the main cellular processes such as carbon 

fixation, physiology as well as the photosynthesis kinetics (Yang et al., 2018) and is 

necessary to produce the energy molecules in the form of ATP and NADPH for 

proper functioning of algae (Singh and Singh, 2015). The supply of proper light and 

its utilization by algal cells in efficient manner has been the major challenges in the 

wide scale cultivation of microalgae (Li et al., 2012). Light intensity has insightful 

affect on growth kinetics, biomass production, lipid accumulation, oil production and 

nutrient reutilization potential of microalgae (Gao et al., 2022). Wu et al., (2017) 

observed that slight change in light intensity causes considerable variation in 

metabolic activities and cell morphology. Microalgae respond to the changing light 

https://www.frontiersin.org/articles/10.3389/fpls.2018.01952/full#B82
https://www.frontiersin.org/articles/10.3389/fpls.2018.01952/full#B79
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conditions by regulating photosynthetic machinery to absorb and utilize incident 

light in excellent manner (Sforza et al., 2012).  Generally, the sufficient supply of 

light energy during the growth period increases the accumulation of neutral lipids as 

energy reserve in microalgae. Cheirsilp and Torpee, (2012) observed that increased 

light intensity during cultivation of Chlorella sp. and Nannochloropsis sp. enhanced 

the lipid production (2 folds) and the composition of lipid was appropriate for 

biofuel production. Light greatly affects the fatty acid composition of algal biomass 

and few studies have focused to improve the fatty acid composition of microalgae 

under different light intensities (He et al., 2015). 

Microalgae also experience seasonal and diurnal changes in temperature 

along with light irradiance under natural environmental conditions (Borowitzka and 

Vonshak, 2017). The unprecetendent rise in temperature due to human interferences 

has profound impacts on the earth ecosystem (García et al., 2018). Temperature 

influences the cellular composition, carbon dioxide fixation, nutrient uptake and 

growth rate of microalgae (Singh and Singh, 2015). Fanesi et al. (2016) reported that 

microalgae are able to adapt under different temperature conditions by competent 

energy partition between non-photochemical quenching, alternative electron 

transport pathways as well as growth. An increase in temperature below optimum 

level has positive effects on cell metabolism and enzymes associated with calvin 

cycle (Ras et al., 2013). Cultivation of microalgae under low temperature conditions 

affects the metabolic pathways, lag phase and reduce the chlorophyll and protein 

content of microalgae (Yadav and Sen, 2017). The slower growth under adverse 

conditions enhances the accumulation of energy molecule as well as carotenoid to 

maintain the essential cellular activities of the microalgae (Christov et al., 2001). 

Sajjadi et al., (2018) observed that higher temperature is more harmful as compared 
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to low temperature. Cultivation of microalgae under high temperature conditions 

(38° C) may cause abrupt interruption of metabolism leading to the cell death. The 

changes in the algal cells under high temperature are easily visible as color changes 

from green to brown indicating cell discoloration (Converti et al., 2009). Extreme 

exposure to high temperature conditions may promote photo-inhibition and affects 

the growth profile of algae (Gupta et al., 2019). To counter the imbalance caused by 

high temperature between the anabolic and catabolic processes of the cell, reduced 

cell volume (Atkinson et al., 2003), photosynthetic and respiration rate are 

considered as the acclimatization strategy adopted by microalgae Microcystis 

aeruginosa, Scenedesmus acutus and Dunaliella species (García et al., 2007). 

Furthermore, exposure of microalgae to varying temperature conditions play key role 

in accumulation of lipid and carbohydrates (Jaiswal et al., 2020). Temperature 

effects the lipid yield (Roleda et al., 2013) and physiological processes of the 

microalgae by regulating the rate of biochemical reactions in the cell (Van Wagenen 

et al., 2012). The enzymes responsible for carbohydrate synthesis are known to be 

influenced by varying temperature condition during cultivation of the microalgae 

(González-Fernández and Ballesteros, 2012). Temperature strongly influences the 

TAG profile in algal biomass by increasing the proportion of saturated fatty acid 

under high temperature conditions (Wu et al., 2013). On the contrary, Srirangan et 

al., (2015) reported that activities of enzymes that stimulate the percentage of fatty 

acid in microalgae were down regulated under high temperature conditions. 

1.6 Monoculture vs Consortia 

Microalgae are suitable bioresource for wastewater remediation due to its 

adaptability under saline water, as well as nutrient and metal enriched environment 

(Li et al., 2022). Each microalgae species has its unique characteristics in terms of 
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growth, biomass, carbohydrates, lipid productivity and tolerance towards stress 

conditions (Patel et al., 2017). Employing single organism for wastewater treatment 

has to compete with the existing wastewater diversity and complexity (Renuka et al., 

2013; Renuka et al., 2021). Furthermore multiple stresses imposed by wastewater 

(organic matter, nutrients variation and metal pollution) as well as culture conditions 

could affect the growth, biomass production and remediation potential of 

microalgae. Unfortunately, the single microalgae species cannot resolve multiple 

issues and relying on monoalgal species for wastewater treatment is not viable 

option for sustainable wastewater management. Furthermore, the significant 

development in the field of algology has taken place however; the work on algal 

consortia is still in its infancy stage.  Algal consortia can acts as the feasible strategy 

to address the diverse issues from wastewater remediation to simultaneous biomass 

and bioenergy production (Sharma et al., 2020; Renuka et al., 2021). Consortia may 

leads to the development of a reluctant biosystem that facilitates the elimination of 

various pollutants from wastewater concomitantly (Renuka et al., 2013; Choudhary 

et al., 2016). Consortia offer the perfect alternative to introduce the different algal 

species on the basis of promising remediation potential, tolerance and lipid 

productivity into the wastewater treatment system (Johnson and Admassu, 2013). 

Therefore, employing algal consortia for wastewater treatment can serves as the 

advantageous system as microalgae with different metabolic rate and adaptability 

can certainly improve the removal of multiple pollutants and overall efficiency of the 

wastewater treatment system (Johnson and Admassu, 2013; Renuka et al., 2021). 

Since, most of the studies related to wastewater treatment through microalgae 

focussed mainly on the nutrient and metal removal however, the research on 

photosynthetic efficiency, biochemical modifications, stress biomarkers and 
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antioxidants defense mechanism adopted by algal consortia treated with municipal 

wastewater has not been thoroughly studied. The present work was based on the 

hypothesis that consortia may enhance the stability of the wastewater treatment 

system with increased biomass production, lipid yield and improve underlying 

defense mechanism against different wastewater concentrations. Further, the study 

was carried out as the holistic approach for screening of tolerant algal consortia 

keeping into consideration the different environment factors such as varying light 

intensity and temperature conditions under natural environment. On the basis of 

question formulated, hypothesis developed and analysis of the work reported in the 

pertinent literature, the following specific objectives were formulated: 

1.7 Objectives 

 Quality parameter analysis of wastewater collected from different locations

of Lucknow 

 Remediation efficiency and tolerance of the monoalgal species for natural

condition of wastewater and heavy metal contamination 

 Estimation of growth, biomass production, and photosynthetic performance

of algal consortia treated with municipal wastewater under laboratory 

conditions 

 Evaluation of biochemical characteristics and biofuel production efficiency

of algal consortia under different light intensity and temperature conditions 

 Assessment of adaptability and tolerance potential of algal consortia treated

with municipal wastewater in natural environment  
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Chapter-2 

Review of Literature 

2.0 Review of Literature 

Water is indispensable resource for the sustenance of life and balance between 

different ecosystem (Mushtaq et al., 2020). Since last few decades, the demand for 

freshwater has increased by approximately 8 times (Wada et al., 2016). The 

extraordinary population expansion is the forefront cause of freshwater scarcity, water 

pollution and energy depletion besides urbanization, industrial development, 

enormous wastewater generation, environmental pollution and ultimately global 

warming also contributes significantly (Singh et al., 2021). Much attention is being 

paid towards sanitation but still the problem of water pollution is worsening at rapid 

rate (Herrera, 2019). The unplanned establishment of cities, inferior sewage disposal 

system, lack of appropriate technologies and financial resource has created huge gap 

between wastewater generation and treatment in various developing countries 

especially India.  As per the statistical report of UNESCO, highest quantity of water is 

used by agriculture sector (70%) followed by industries (22%) and domestic sector 

(8%) (UNESCO, 2003). As per the CPCB, India, 40 billion litres of wastewater is 

produced from urban areas daily and 70-80% of wastewater is discharged directly into 

the environment (CPCB, 2011). Amerasinghe et al., (2013)  reported that wastewater 

generation in India may exceed to 600 million tonnes by 2030 due to massive 

shifting of large number of population in urban area. The substantial quantity of water 

used for different sectors often ends up as the wastewater. One of the prominent 

sources contributing to an increase in the load of contaminants is disposal of 
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municipal wastewater. Water is used to accomplish day to day activities and 

discharged water is designated as municipal wastewater. This includes the water from 

bathrooms, kitchens and toilets (Razzak et al., 2013). The small industries in urban 

areas often discharge enormous quantity of wastewater to the municipal wastewater 

collection system (Razzak et al., 2013). Thus, municipal wastewater is the mixture of 

domestic, agricultural and industrial wastewater (Guldhe et al., 2017) and is abundant 

in nutrients, heavy metals, recalcitrant pollutants, emerging contaminants and disease 

causing organism (Sarkar et al., 2019) (Fig. 2.1). Certain pollutants are present in 

wastewater in very meagre amount but due to the lack of proficient remediation 

technologies, such pollutants has become the serious cause of environmental 

deterioration (Shahid et al., 2020). Discharging of contaminant rich wastewater are 

the forefront cause of serious environmental concerns (Leiva-Candia et al., 2014) 

such as eutrophication, hypoxia, turbidity, and loss of biota in the aquatic ecosystem 

(Jaiswal and Pandey, 2019).  

Fig. 2.1 Composition of municipal wastewater 
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Table 2.1. Physico-chemical attributes of wastewater 

pH 7.49 8.39 7.35 7.2 7.3 8.40 6.5-11.5 

EC 1165.5 

(µS/cm) 

2.84  (dS m
-1

) 

2.15 

(mS/cm) 

663 

mS/cm 

3368 

mS/cm 

0.1148 

S/m 

- 

TDS 930.34 - 1109 489 - 316 200–440 

TSS 18.36 1824.42 1293.7 166 - 2.489 320–450 

BOD 11.67 620.27 - 341.5 270 - 900–1100 

Nitrate 

nitrogen 

2.72 84.99 1.85 62 6.2 55.5 - 

Phosphorus 3.502 124.42 2.64 7.2 2.98 25.63 - 

Refrences Mohanakavi

tha et al., 

(2019) 

Kumar and 

Chopra, 

(2012) 

Moondra et 

al., (2020) 

Fito and 

Alemu, 

(2018) 

Ali et 

al., 

(2021) 

Pandey 

et al., 

(2019) 

Mandal et 

al., (2010) 

All values are in mg/L, otherwise mentioned 

Due to the complexity of wastewater (Table 2.1), it is important to rely on the 

techniques which may fulfill diverse aspects such as nutrient removal, metal 

detoxification, energy production and meet discharging standards in eco-friendly 

manner. In developing countries, wastewater treatment facilities are not well 

structured, organized and equipped to remove diverse types of pollutants. Several 

physico-chemical treatments such as electro-coagulation, chemical precipitation, 

reverse osmosis, and ultra-filtration are utilized for wastewater tretament (Bouchelkia 

et al., 2016) but being expensive and energy intensive has restricted their use on 

wide scale (Table 2.2). It is important to mention that the wastewater after  treatment 

through  conventional  techniques  still  contains  enough  quantity  of   contaminants 
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Table 2.2 Advantages and disadvantages of different wastewater treatment 

methods 

Treatment 

Method 

Advantages Disadvantages References 

Advanced 

Oxidation process 

User friendly, less 

maintenance 

High use of  chemicals and 

manpower, 

Gautam et al., 

(2019) 

Electro -

coagulation 

Less maintenance, easy to 

operate, no secondary 

pollution, less energy 

requirement, treat diverse 

wastewater 

High maintenance, regular 

replacement of electrodes, 

Syam Babu  et al., 

(2020); 

Rajoria et al., (2021) 

Membrane 

separation 

High compactness, Effectively 

remove pollutants 

Membrane fouling, high 

operational cost, 

Hube et al., (2020) 

Activated sludge Avoid excess biomass 

accumulation, Low installation 

cost,  sustainable 

High operating cost, need 

skilled supervision 

Hao et al., (2018) 

Phytoremediation Cost effective, eco-friendly 

restore contaminated soil, 

maintain soil health, 

Relocate toxic metals, slow 

process, low uptake, time 

consuming, low biomass 

production 

Farraji et al., (2016) 

Mycoremediation Promising to remediate 

contaminated environment, 

ecofriendly and efficient, 

tolerant to toxic pollutants 

Less efficient at low 

pollution level, 

Require suitable conditions 

for growth and 

development 

Kumar et al., (2021) 

Phycoremediation Quick growth, short life span, 

high photosynthetic efficiency,  

remediate wastewater of 

different origin, green 

synthesis of different 

biomolecules, high carbon 

sequestration efficiency, 

excellent resource reutilization 

potential and biofuel 

production 

Extreme exposure limits 

growth and biomass 

synthesis, high nutrient and 

water requirement 

John et al., (2020); 

Singh et al., (2021); 

Upadhyay et al., 

(2021) 
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(Cai et al. 2013) which can alter the pH, biological oxygen demand, dissolved 

oxygen, salinity and concentrations of heavy metals in receiving water bodies (Atoku 

et al., 2021). The complexity of wastewater, prevailing environmental condition and 

rapid economic development has necessities the implementation of flexible and 

modified technologies to meet the effluent discharge standards in different countries. 

Implementation of such techniques in water deficient regions is of major importance 

as inappropriate management of wastewater might leads to stern social and 

environmental conflicts (Qu et al., 2019). 

2.1 Fossil fuel scarcity and alternative fuel 

Dwindling fuel reserve followed by toxic pollutant released on fuel 

combustion is further posing risk to the environment (Islam and Mostafa, 2021). 

Approximately, 85% of crude oil is used for the production of transportation fuel and 

10% is being utilized for various products in different industries (Tandon and Jin, 

2017). The total dependence on fossil fuels is mootable issue as climate change and 

decline in oil reserves are continuously accelerating at rapid pace (Martin-Roberts et 

al., 2021). The fossil reserves are predicted to get exhausted in the near future and the 

world will face one of the largest challenges of the acute energy shortage (Chisti, 

2007; Kamran et al., 2022). The serious impact related to the combustion of fossil 

fuels provide stimulus for exploitation of renewable and sustainable sources. The 

constant increase in the energy demand and depleting oil reserves has increased focus 

on biobased energy production to fulfil the energy demands of the future generations 

(Yana et al., 2022). Currently, 10% of the world energy demand are fulfilled by 

biomass energy and have huge potential to contribute more towards fulfilling the 

rising energy demands. In order to alleviate the ecological impacts of fossil fuels, it is 
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imperative to enhance biofuel production on wide scale keeping sustainability of fuel 

on priority. The paradigm is shifting towards technologies that can address the 

problem of wastewater remediation and bioenergy production simultaneously (Zhang 

and Liu, 2022). 

2.2 Role of microalgae in wastewater remediation and simultaneous biofuel 

production 

Microalgae are gaining immense popularity as one of the neotheric and 

sustainable approach towards wastewater remediation and energy production (Singh 

et al., 2021). Microalgae are microscopic, prokaryotic or eukaryotic, chlorophyll 

containing organism living in both fresh as well as marine water having mechanism of 

photosynthesis similar to that of land plants (Hachicha et al., 2022) (Fig. 2.2) and the 

biomass produced has multifarious role in industrial sector. 

Fig. 2.2 Chracterisitics of microalgae 

Microalgae synthesize their own food and play key role in maintaining the balance of 

different ecosystem. Microalgae, ubiquitous in almost every ecosystem are 
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responsible for almost half of the photosynthesis on the earth (Pikula et al., 2019) and 

their ability to adapt in adverse conditions makes them suitable candidate for the 

remediation of contaminants prevalent  in the contaminated environment (Lutzu et al.,

2020). The microalgae outperform other energy feedstock due to high sunlight 

conversion efficiency, CO2 fixation (Schenk et al., 2008) and abudance of 

carbohydrates (60%), protein (65%) and lipid (70%)  (Afzal et al., 2017) make it 

alternate substrate for biofuel production (Khan et al., 2018). Additionally, their 

ability to adapt, tolerate and quick growth makes microalgae perfect organism than 

terrestrial plants for energy production (Costa and de Morais, 2014) and wastewater 

treatment (Singh et al., 2020). The nutrient and water requirement can be minimized 

by exploiting wastewater as the nutrient enriched growth media for microalgae

(Fernández et al., 2019). 

Microalgae such as Chlorella sp., (Asadi et al., 2019),  Scenedesmus sp., 

(Morillas-España et al., 2021), Phormidium sp., (Das et al., 2018) Botryococcus sp. 

(Arif et al., 2020), Spirulina sp. (Cardoso et al., 2021), Chlamydomonas sp. (Qu et al., 

2020) have shown tremendous potential to remove nitrate, phosphate, total dissolve

solids, total solids and metals from cotaminated environment. Algal species has 

shown promising potential in artificial wastewater (Zhou et al., 2021), textile 

wastewater (Fazal et a., 2021), food processing (Gani et al., 2022), tannery 

wastewater (Rajalakshmi et al., 2021), aquaculture wastewater (Fan et al., 2021), 

diary wastewater (Kusmayadi et al., 2022), brewery wastewater (Ashraf et al., 2021), 

municipal wastewater (Fito and Alemu, 2019), meat processing wastewater (Hu et al., 

2021) and urban wastewater (La Bella et al., 2022). The algal cultivation in diverse 

wastewater requires the adjustment in pH (Huo et al., 2012) as well as toxicity by 



Chapter-2 Review of Literature

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022        29 

dilution (Kothari et al., 2012) and mixing wastewater of different origin (Lu et al., 

2016) to make it appropriate for microalgae.  

The wastewater treatment through microalgae is based on the following approaches: 

 Wastewater can acts as the suitable alternative in places of synthetic

nutrient media. 

 Microalgae based treatment system can simultaneously reutilize

nutrients, degrade organic matter and detoxify toxic pollutants. 

 The algal biomass can be utilized as feedstock for multiple products

especially biofuel which can further enhance the economical feasibility 

of algal based treatment systems. 

Wastewater remediation concomitantly with biofuel production is potential 

alternative to improve monetary viability of microalgae based treatment system 

(Vasistha et al., 2021). Further, microalgal biomass as source of diverse products can 

improve human development index by providing green energy, employment, income 

and other health benefits (Katiyar et al., 2017). 

2.3 Microalgae based nutrient resource recovery from wastewater 

Nutrients are abundantly available in the environment (Nazari-Sharabian et al., 

2018) but atmospheric deposition (Richon, et al., 2018), sewage (Zhang et al., 2021), 

manures and fertilizers are exeggerating the problem of nutrient pollution (Sommer

and Knudsen, 2021). Nutrients are essential for proper functioning and growth of live 

forms but overdischarge can have adverse health as well as ecological effects (Nieder 

et al., 2018). The nitrogen and phosphorus discharged in domestic wastewater after 

human metabolism is an important component of global nitrogen and phosphorus 
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cycle (Reinhard et al., 2017). Nutrient mainly nitrogen from human excreta is 

responsible for approximately 15-20% of anthropogenic reactive nitrogen per year 

(Larsen et al., 2016). The treatment facilities exploited for the removal of nutrients are 

incapable to remove different nitrogen forms from the wastewater (Abeysiriwardana-

Arachchige et al., 2020). The conventional techniques for nutrients removal from 

wastewater are neither economical nor facilitate the nutrient resource recovery and 

reuse (Shi et al., 2014). The excessive nutrient discharge overstimulate the growth of 

aquatic flora causing severe consequences such as algal bloom formation, depletion of 

dissolved oxygen and loss of aquatic biota (Cravo et al., 2022). 

Unlike plants, microalgae lacks root system for the uptake of nutrients and 

relies totally on small size and large surface area for fixation of carbon dioxide, 

uptake of water and nutrients (Udaiyappan et al., 2017). The nitrogen and phosphorus 

remediation efficiency of algae from wastewater is dependent upon their availability 

as well as interaction between pH, light intensity, temperature and other micro-

organisms (Delgadillo-Mirquez et al., 2016). Nitrogen is essential component of cell 

and is involved in the synthesis of protein, chlorophyll (Wang et al., 2013) and 

genetic material (Silva et al., 2015). The nitrogen content in algae ranges from 1- 

>10% and is strongly dependent upon the type, concentration as well as availability of 

nitrogen source in the growth media (Richmond, 2004). Microalgae Tetradesmus 

obliquus grown in municipal wastewater recovered nitrogen (76.99–100%) and 

phosphorus (97.64–100%) and nutrient level decreased considerably with exposure 

time (Kong et al., 2021). Microalgae Chlorella pyrenoidosa cultivated in riboflavin 

manufacturing industry effluent for 8 days leads to decline of nitrogen (64.5%) and 

phosphorus (82.2%) with good biomass productivity (1.25 g/L) (Sun et al. 2013). 

Caporgno et al. (2015) also observed that microalgae Chlorella kessleri after 11 days 

https://www.sciencedirect.com/science/article/pii/S0960852416300785#b0140
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of cultivation in urban wastewater removed  nitrogen (96%) and phosphorus (99%) 

with biomass productivity of 2.70 g/L. After nitrogen, phosphorus is another essential 

macronutrient vital for several biomolecules (RNA, DNA, ATP) in the cell (Juneja et 

al., 2013). Phosphorus is key nutrient which play significant role in growth and 

energy metabolism in microalgae. The content of the phosphorus in the biomass 

ranges from 0.05%-3.3% (Grobbelaar, 2004). Phosphorus is non renewable resource 

and it is believed to get exhausted in the coming years (Elser, 2012). Orthophosphate 

is the preferred phosphorus form assimilated by algae as compared to other inorganic 

and organic forms (Lavrinovičs et al. 2020). Phosphorus in the form of 

orthophosphate is taken up by active mechanism whereas passive mechanism is 

responsible for influx of tiny proportion of inorganic phosphorus (Cembella et al., 

1982). However, phosphorus present in abundant amount is assimilated by microalgae 

at elevated rate as luxury uptake and is stored in the vacuole as polyphosphate 

granules. These granules are utilized as the source of phosphorus under phosphorus 

limited condition by microalgae (Gupta et al. 2019).  Ahmad et al. (2019) observed 

that Tetradesmus obliquus efficiently removed 94% of phosphorus through 

absorption, cellular assimilation, volatization as well as precipitation from municipal 

wastewater. 

2.4 Nutrients limited growth conditions as the cheap factor for enhanced lipid 

accumulation 

Modulation of the nitrogen and phosphorus level in the growth media not only 

influences the composition but also the lipid accumulation in algae (Zhang et al. 

2019). Under nutrient limited conditions, microalgae alter the composition of biomass 

by stimulating the accumulation of either carbohydrate or lipid (Chen et al., 2015) or 

https://link.springer.com/article/10.1007/s13762-021-03270-w#ref-CR52
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by altering the protein or pigment content of microalgae (Pancha et al.,  2014). 

Nitrogen deprived culture conditions is one of the efficient strategy (Shi et al., 2017) 

for lipid and carotenoid synthesis as well as accumulation of triglycerides (Juneja et 

al., 2013). Adams et al. (2013) reported that during the early stage of nitrogen 

starvation, the carbon fixation exceed the carbon demand and the excess carbon is 

directed towards biosynthesis of storage compounds like carbohydrate and lipids by 

microalgae. Anand and Arumugam, (2015) observed that lipid content was increased 

by 2.27 times in Scenedesmus quadricauda under nitrogen limited culture condition. 

Algal species such as Botryococcus braunii, Chlamydomonas, Scenedesmus and 

Chlorella have been recoganized as the efficient assimilators of nutrients along with 

lipids accumulation (Abdel-Raouf et al., 2012). Similarly, phosphorus deprived 

conditions affects energy requiring processes and enhance accumulation of TAGs in 

microalgae (Muhlroth et al., 2017). The phosphorus deficient growth conditions not 

only influence the biosynthesis of chlorophyll but also metabolic activities of 

microalgae (Liang et al., 2013). Li et al. (2014) observed that phosphorus limited 

wastewater conditions increased lipid accumulation by 32% in C. protothecoides 

while Chlorella species showed lipid accumulation of 53% and lipid productivity of 

23.45 mg L
-1

 (Wong et al., 2017). The reasons responsible for lipid accumulation in

algal cells under nutrient limited conditions could be attributed to diverting of 

photosynthetically fixed carbon towards lipid synthesis (Roy et al., 2021). Although, 

the nitrogen starved growth conditions stimulated the lipid accumulation but, the 

biomass yield declined by more than 80% which ultimately affects the economic 

feasibility of algae for biofuel production (Suparmaniam et al., 2022). The decrease in 

biomass productivity under nitrogen limited condition can be overcomed by using 

nitrogen source which enhances the lipid accumulation without compromising with 

https://link.springer.com/article/10.1007/s11274-016-2181-6#ref-CR44
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biomass production, cell metabolism and physiology (Olofsson et al., 2014). Tang et 

al. (2011) reported that biomass yield of T. obliquus was increased by 2-3 folds using 

nitrate as the nitrogen source than ammonia and urea. Suparmaniam et al.,  (2022) 

observed that drawbacks associated with nitrogen deficiency can be compensated by 

the supplementation of optimum concentration of phosphorus as an efficient strategy 

to enhance the biomass yield. The increment in biomass yield could be attributed to 

sufficient supply of phosphorus that was used by the algal cells to sustain the activity 

of different enzymes responsible for synthesis of lipid, energy molecules and genetic 

material (Chu et al. 2013). The excess supply of phosphorus (≤ 45 mg/L) under 

nitrogen deficient conditions not only stimulates growth but also increase the biomass 

production (10.2%) and lipid productivity (39.3%) in Chlorella vulgaris 

(Suparmaniam et al., 2022). Furthermore, in order to improve the lipid and biomass 

productivity simultaneously, the two stage cultivation system has been considered as 

the feasible approach to overcome the limitation posed by the nutrient starved growth 

conditions (Roy et al., 2021). 

2.5 Heavy metals: source and remediation by conventional techniques 

Heavy metal is the most commonly used term globally and defined as metal 

having specific density greater than 5 g/cm
3
 (Mohan et al., 2021). The classification

of heavy metals is based on atomic number, mass and density but still no collectively 

accepted definition has been proposed (Duffus, 2002). The term heavy metals has 

been associated with metals and metalloids which even in small quantity can have 

detrimental impacts on the living organisms (Duffus, 2002; Pujari and Kapoor, 2021). 

Both essential and non essential heavy metals are released through natural phenomena 

as well as athropogenic interferences (Meena et al., 2018). 
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Heavy metals are persistent, nondegradable, carcogenic, metagenic and 

tertagoneic (Tchounwou et al., 2012). Due to toxicity, bioaccumulation and non-

biodegradable nature, heavy metals accumualtion has emerged as the severe

environmental problem (Rehman et al., 2021). Metal accumulation is major concern 

for organisms particularly humans get contaminated through the process of 

biomagnifications (Chojnacka, 2010). Industries such as paper, dyeing, plastic, 

agrochemicals, textile, paint, cement and steel are continuously discharging metal 

enriched wastewater (Kobielska et al. 2018; Cui et al., 2021; Elgarahy  et al., 2021; 

Özdemir et al., 2021). Fuel combustion, military operations, and agrochemicals  also 

releases significant quantity of metals in the nearby ecosystem (Zhen-Guo et al., 

2002). The other major industries such as lead acid batteries, mining, tannery, dye and 

waste dumpsites also contributes towards environmental pollution (Pure Earth, 2016).

As per WHO recommendation for drinking water, the acceptable limits for Pb and Cd 

should not go beyond 0.001 and 0.003 mg/L, respectively (WHO, 1998/2003). As per 

EPA, 2009, the permissible limits of Pb, Cr, Cd, Zn, and Ni in drinking water should 

not be above 0.015, 0.1, 1.3, 0.005, 5, and 0.04 mg/L, respectively (EPA, 2009). 

Heavy metals are the major component of the wastewater discharged from the 

different sectors of the society. Heavy metals laden wastewater can contaminate soil, 

groundwater and surface water ecosystems (Sadeghi et al., 2022). Different 

techniques such as chemical precipitation (Chen et al., 2018), ion exchange (Dong et 

al., 2018), reverse osmosis (Thaçi and Gashi, 2019), electrocoagulation (Fakorede and 

Adewumi, 2020) and adsorption (Khulbe and Matsuura, 2018) has been exploited for 

wastewater treatment but such techniques failed to accomplish the targets of 

economical and sustainable management of wastewater. Since, heavy metals are 

resistant to degradation, the only possible way to reduce their concentration is to 

https://www.sciencedirect.com/science/article/pii/S2666790821001695#bib119
https://www.sciencedirect.com/science/article/pii/S2666790821001695#bib155
https://www.sciencedirect.com/science/article/pii/S2666790821001695#bib155
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remove such metals from cycling process followed by recovery and reuse. In order to 

reduce metal concentration and their impacts on human health, several types of plant 

based biomass has been examined by scientists for metal removal from contaminated 

ecosystem. Environmental Protection Agency (EPA) has also encouraged the 

development of economical and novel techniques for protection of environment from 

different types of pollutants. 

2.6 Role of microalgae in heavy metals removal from contaminated environment

Microalgae are considered as the promising organisms that can remove diverse 

metals from wastewater (Goswami et al., 2020) (Table 2.3). The remediation potential 

is dependent upon the type of heavy metal, concentration of metals, biological 

organism and prevailing environmental condition during the process of 

bioremediation (Pratush et al., 2018). In order to grow profusely and detoxify metals, 

microalgae have evolved certain mechanisms responsible for imparting tolerance 

against metal contaminated environment (Kumar et al., 2015). Mehta and Gaur, 

(2001a) reported that Cu and Ni  removal by Chlorella vulgaris was in the range of 

37%-42% with initial concentration of 2.5 and 10 ppm respectively. Venkatesan and 

Sathiavelu, (2022) reported that Scenedesmus sp. removed 72.80% of Cr from tannery 

wastewater while, T. obliquus eliminated 50-65% of Cu and Ni within 15-30 minutes 

from wastewater (Rugnini et al., 2019). Several constitutive mechanisms are exhibited 

by microalgae to remove metals from diverse ecosystem and serve as potential 

candidate for treatment of metal enriched wastewater (Tripathi and Poluri, 2021). In 

aquatic ecosystem, microalgae sequester large amount of heavy metals and their 

ability to absorb and further metabolize metals is mainly due to large surface/volume 

ratio (Anjana et al., 2007), metal binding groups (Leong and Chang, 2020) and 

efficient metal uptake rate, transport and storage system (Inthorn et al., 2002). 

https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/lam.13564#lam13564-bib-0028
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Table 2.3 Remediation efficiency of microalgae treated with wastewater under 

different operating conditions   

Wastewater Metal removal Microalgae Operating conditions Refrences 

Tannery 

wastewater  

Cr-81.2–96%,  

Pb-75–98%   

Scenedesmus sp. Temperature: 27° C,  

Light intensity and 

duration: 4000 lux, 

16 (light) : 8 (dark) 

Ajayan et al., 

(2015) 

Industrial 

wastewater 

effluent 

Cr-97.57%,   

Pb: 94%  

Fe: 97.94% , Cu: 

91.77% , As: 

66%  

Anabaena 

variabilis 

Light intensity: 3000 Lux,  

Temperature: 25˚ C 

Elsadany, (2018) 

Municipal 

wastewater 

Cd, Ni,  

Pb- 100% 

Scenedesmus sp. Duration: 14 days Tripathi et al., 

(2019) 

Textile mill 

wastewater 

Fe-74.47%,  

Cd-17% 

Chlorococcum 

humicola  

Duration: 6 days,  

Algal inoculums:   1.52–

1.81 × 10
7
 cells/mL, 

Temperature: 30.4  C,  

Light intensity: 

145 µmol/m
2
/s 

Borah et al., 

(2020) 

Wet market 

wastewater 

Fe: 59.33%,  

Zn: 79.65%,  

Cu: 100%  

Fe: 65.76%,  

Zn: 84.14% 

Scenedesmus sp.  Duration: 8 days Jais et al., (2017); 

Wan Mohamad 

Apandi, and 

Matias Peralta, 

(2015) 

Domestic 

wastewater 

Zn: 71.5%,  

Fe: 51.2%,  

Cd: 83.5%,  

Mn: 97.2% 

Botryococcus sp. Duration: 18 days Gani et al., (2017) 

Mining 

wastewater 

Fe: 99%,  

Pb: 95%,  

Zn: 52%,  

Cu: 94% 

Arthrospira 

platensis 

pH>7.1 Randrianarisona 

et al., (2021) 

Adsorption, complexation, precipitation and bioaccumulation are the 

mechanisms adopted by microalgae to eliminate the toxic metals (Fernandez et al., 

2018) (Fig. 2.3). Microlgae can eliminate metals and protect the biota from the 

detrimental impacts of higher metal concentrations (Randrianarison and Ashraf, 
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2017). Living algal biomass primarily shows two-phase kinetic sorption. In first 

phase, algae remove heavy metals through passive process and in second phase, by 

the active transport of metals utilizing metabolic energy (Monteiro et al., 2012). The 

first line of defence that the microalgal cells evolved in the contaminated 

environments is the reduced uptake of pollutants by binding to negatively charged 

functional groups of the cell wall (Pradhan et al., 2019). Adsorption to algal cell 

surface occurs by ionic exchange; covalent bond formation and also binding with 

exopolysaccharides that reduce metal concentration and protect microalgae from 

metal damage (Leong and Chang, 2020). The intracellular metal transport occurs 

when the extracellular concentration is more as the binding groups may become 

saturated and enable the metal transport into cytoplasm (Monteiro et al., 2012). 

Bioaccumulation of heavy metals inside the cell is very slow process and metals are 

transported inside the cytoplasm using metabolic energy followed by binding with 

certain sulphur containing compounds such as cysteine (Pradhan et al., 2019). Like 

cysteine, histidine, glutamate and proline play key role in the chelation and metal 

detoxification (Kumar et al., 2015). Heavy metals through binding with multivalent 

carriers and chelating proteins may enter into the cell by the process of endocytosis. 

Sharma et al., (2016) observed that vacuolar sequestration is an important mechanism 

of pollutants detoxification driven by transporters and vacuolar pump. The 

biosynthesis of peptides such as phytochelatins and metallothioneins under metal 

stress is one of the favored mechanism of metal detoxification. Balzano et al. (2020) 

reported that phytochelatis (PCs) and metallothioneins (MTs) has been observed in 

microalgae exposed to metal contaminated environment. Several researchers reported 

that the metal like cadmium, lead, copper, nickel, zinc and mercury stimulates the PCs 

production in microalgae (Tripathi and Poluri, 2021). The length of PCs is key for the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/histidine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/glutamic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/proline
https://www.sciencedirect.com/science/article/pii/S2405844021017126#bib55
https://www.frontiersin.org/articles/10.3389/fpls.2017.01492/full#B131
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formation of stable complexes with metals as stability increases with the length of the 

PCs. Additionally, microalgae also adapt self protection mechanism under heavy 

metal stress by stimulating chelate formation, metal exclusion, enhance antioxidants 

activity and regulate gene expression related to tolerance towards heavy metals 

(Gómez-Jacinto et al., 2015). 

Fig. 2.3 Mechanisms adopted by microalgae for metal removal from 

contaminated ecosystem

2.7 Effect of heavy metals on microalgae 

The photosystem II (PS-II) is very sensitive to metal damage (Moustaka et al., 

2018). Heavy metals directly affects the light as well dark reaction and also alter the 

functioning of the stomata (Appenroth, 2010).  Kupper et al., (2002) reported that 
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heavy metals perturbs the light harvesting complex II by displacing magnesium with 

copper and zinc and influence the activity of PS II in microalgae (Fig. 2.4). Metals 

directly react with multiple sites in electron transport chain (ETC) (Rai et al., 1991) 

and inactivate the reaction centres of PS II  (Prasad et al., 1991). Heavy metals distort 

the structure of the chloroplast membrane, suppress the activity of photosystems, 

obstruct the electron transfer in photosystems, reduce pigment formation, inhibit the 

process of photosynthesis (Suresh Kumar et al., 2014) and also perturbs the activity of 

light harvesting as well as oxygen evolving complex (Pontevedra-Pombal et al., 

2012). Rezayian et al., (2019) observed that ROS generation occurs in PSII when the 

excitation energy to photosystems is limited. The amplified generation of ROS 

damages the photosystem II reaction centre and eventually results in loss of cell 

vitality (Dutta et al., 2018).  Metals target light harvesting complex of photosystems, 

inhibit activity of  nitrate reductase, glutamate synthetase and carbonic anhydrase 

(Ackova, 2018) as well as biosynthesis of chlorophyll (Zamani-Ahmadmahmoodi et 

al., 2020). Heavy metals also affect enzyme activity through displacement of essential 

metal ion (Hossain et al., 2012) as some heavy metals replace magnesium from 

RUBISCO leading to the inhibition in their activity (Van Assche and Clijsters, 1986). 

At higher concentration, heavy metals affect carbon dioxide assimilation by binding 

with RUBISCO and inhibits the activity of RUBP carboxylase which lead to cellular 

changes by decreasing photosynthetic rate, pigment content and quantum yield of PS-

II (Song et al., 2019). Metals stimulates the morphological, metabolic and 

physiological alterations leading to degradation of polyunsaturated fatty acids (PUFA) 

(Xiong et al., 2017), inhibit growth and normal functioning of the cell (Dutta et al., 

2018). Sun et al., (2018) also observed that PUFA are essential structural component 
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Fig. 2.4 Effect of metals on the cellular components of algae 

but their peroxidation affect membrane fluidity leading to interruption of 

physiological and functional activities of microalgae. 

2.8 Effect of light intensity and temperature regimes on microalgae 

Light is main abiotic factor responsible for proper growth, photosynthesis and 

biomass production in microalgae and plants (Ho et al., 2012). Light intensity to a 

great extent affects the cellular composition, metabolic pathways as well as economic 

efficiency (He et al., 2015) and maintaining proper light intensity has been the major 

bottleneck in the commercial cultivation of microalgae. The growth kinetics increases 

with increase in light intensity but enhancement above the saturation level have lethal 

effects on growth and survival of microalgae (Straka and Rittmann, 2018). Under 

increasing light intensity condition, the microalgal growth kinetics is divided into four 

phases comprising lag (no change in growth), light limitation (increased growth with 

intensity of light), light saturation (growth is not dependent on light intensity) and 



Chapter-2 Review of Literature

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022        41 

light inhibition phase (decreased growth of algae with increasing light intensity) 

(Ogbonna and Tanaka, 2000). Patel et al., (2019) observed that beyond saturation 

point, the cellular biomolecules synthesis decreased with light intensity. In Chlorella 

vulgaris, light limitation was observed between 0-9 W/m
2
, light saturation phase

occurred between 9-18 W/m
2
 while light inhibition was completely observed above

18 W/m
2
 (Yeh et al. 2010). Several species of microalgae showed an increase in

biomass with a light intensity which could be attributed to enhanced reproduction up 

to saturation point and beyond that decrease in biomass production could be due to 

photo-inhibition (Barbara et al., 2013). It is well recognized that the photo-damage is 

related to light intensity (Simionato et al., 2013). Under high light intensity condition, 

excess energy promotes photodamage to the cell by reducing the acceptors and 

reaction centres of PS-II (Straka, and Rittmann, 2018; Fettah et al., 2021). The 

photoinhibition could also be due to the disruption of chloroplast lamellae and 

enzymetic activity responsible for carbon dioxide fixation (Juneja et al., 2013). Photo-

inhibition leads to decrease in biomass as excess light supply may not be absorbed by 

the photosynthetic apparatus (Dall’Osto et al., 2019). Gururani et al., (2015) reported 

through physiological and biochemical studies that microalgae prevent the damage by 

down-regulating the activity of PS-II under light stress conditions. Znad et al., (2012) 

observed that supply of higher light intensity damages the PS-II activity and 

eventually carbon supply for the photosynthesis while low light leads to 

photolimitaion which ultimately affects the growth and biomolecules synthesis in 

microalgae. Destruction of the photosynthetic machinery under high light irradiance 

occurs due to variety of oxidative radicals produced during the process of 

photosynthesis (Sharma et al., 2020). Microalgae Selenastrum capricornutum and C. 

vulgaris exposed to low light/darkness and copper stress showed that ROS generation 

https://www.sciencedirect.com/science/article/pii/S0016236120320548#b0120
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increased under the light condition indicating the light induced disturbance to the 

photosynthetic machinery (Knauert and Knauer, 2008). Microalgae C. reinhardtii 

after treatment with heavy metals under high light conditions showed increased metal 

accumulation and efficient tolerance expressed in the form of prolific growth as 

compared to low light intensity (Cheloni et al. 2014). Photosynthetic organisms  also 

possess potent defense mechanism against higher light intensity (Shi et al., 2017). 

Cheloni et al. (2014) suggested that high light conditions upregulates gene expression 

responsible for the increased activity of enzymatic antioxidants (Nowicka, 2022). 

However, microalgae also possess array of antioxidants such as carotenoids (Guedes 

et al., 2011), superoxide dismutase (Chen, et al., 2020), proline, ascorbic acid, 

cysteine, glutathione reductase and catalase which may compensate the adverse 

affects posed by high light stress conditions (Shi et al., 2017). 

2.8.1 Light and temperature induced lipid synthesis in microalage 

Consistent variation in light intensity for longer time period triggers changes 

in cellular structures, compositions and functioning of the microalgae (Orefice et al., 

2016). Light irradiance influences carbon sequestration as well as its allocation by 

modifying the cellular metabolism (Rismani-Yazdi et al., 2012; He et al., 2015)) and 

plays pivotal role in lipids and carbohydrate accumulation in microalgae (Iasimone et 

al. 2018). Wahidin et al., (2013) reported that supply of light exceeding the optimum 

level trigger the enhanced synthesis of lipid in Scenedesmus abundance and 

Nanochloropsis sp. Oxidative stress is responsible for changing carbon metabolic flux 

from glycolysis to the oxidative pentose phosphate pathway which leads to the 

accumulation of reduction equivalents in the form of NADPH. In order to protect the 

cell from excessive reduction equivalents, the lipids are accumulated as it require 
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more reduction equivalents in place of proteins and carbohydrates (Shi et al., 2017). 

Microalgae not only adjust the carbon allocation favouring lipid accumulation but 

also amend their lipid metabolism towards accumulation of neutral lipid (TAG) under 

unfavourable conditions (He et al., 2018). 

The fatty acid composition of biomass is important to determine the quality of 

the biofuel as it influence the combustion efficiency as well as heating power of 

engine (Talebi et al., 2013). In microalgae, the light dependent changes in fatty acids 

may be an adaptive mechanism to different light conditions (Yun et al., 2020). 

Gouveia and Oliveira (2009) observed that oil extracted from the biomass 

of Chlorella vulgaris, Nannochloropsis oleabundans, and Scenedesmus obliquus 

contains 50-65% of unsaturated fatty acids and 17-40% of palmitic acid. Saturated 

and monounsaturated fatty acids are main component of neutral lipid and their content 

increased by exposure of microalgae to higher light intensity (Hu et al., 2008). 

Microalgae like Scenedesmus obliquus exposed to light conditions of 180 μmol m
−2

s
−1

showed the notable increase in percentage of different fatty acids as well as 

carbohydrate in algal biomass (Ho et al., 2012). Similarly, Sun et al., (2014) 

demonstrated that percentage of palmitic, stearic, and oleic acid was  increased to a 

significant level after exposure to 300 μmol m
−2

s
−1

. Thus, effective utilization of light

is imperative factor in algal technology and play importants role in determining 

growth, biomass and production of energy rich compounds (Nzayisenga et al., 2020). 

Furthermore, deeper understanding upto molecular level on light use efficiency and 

cellular mechanisms under high irradiance can assist to optimize algal cultivation 

along with biofuel production (Orefice et al., 2016). 

https://www.sciencedirect.com/science/article/pii/S0964830513001984#bib9
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Temperature is the other predominant factors which affects the algal growth 

(Chaisutyakorn et al., 2018). The global temperature is increasing at swift rate and 

several organisms are unable to adjust with the escalating temperature. Seasonal 

fluctuations, day to day variation and abrupt changes in temperature manipulate the 

growth profile and biomass production efficiency of algae (Sajjadi et al., 2018). Most 

of the species of microalgae are able to carry out their cell divisions and 

photosynthetic process under wide temperature range (15-30˚ C) and the optimum 

temperature differs with the species of microalgae (Sajjadi et al., 2018). Cultivating 

microalgae under optimal conditions enhance growth rate exponentially and 

supplementing extreme low or high temperature either slows or cease the growth, cell 

functioning, metabolism, and biomass production (Bechet et al., 2017). Roleda et 

al. (2013) observed that under low temperature conditions (10 °C), growth declined 

significantly and microalgae sustained the metabolic activities without undergoing 

cell division. In photosynthetic system, the PS-II is most sensitive for thermal stress. 

Exposure to temperature stress affect different processes such as membrane stacking, 

integrity and ion conductivity (Zhang and Sharkey, 2009). High temperature affects 

the cell growth but photosynthesis is more often inhibited before other cellular 

function (Haldimann and Feller, 2004). The most common effect of high temperature 

is inhibition of charge separation and oxygen evolving capability of photosystem II 

that eventually leads to the production of free radicals (Ras et al. 2013). The 

biological processes responsible for adaptation under unfavourable conditions are 

very complex. Under high temprature exposure, different mechanisms such as 

alteration in membrane permeability, unsaturated fatty acid composition 

(Chaisutyakorn et al., 2018), protective antioxidants (Snider et al., 2010) and 

increased flow of electron are adopted to mitigate the temperature stress (Zhang and 
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Sharkey, 2009). Some species of microalgae are able to grow upto temperature 

condition of 40 °C while some are very sensitive  and cannot even tolerate the

temperature  below 25  °C (Converti et al. 2009). It has been reported that

Scenedesmus obliquus showed declined growth rate as well as biomass productivity 

above 30 ºC (Martínez et al. 2000 ) while Li et al. (2011) observed that Scenedesmus 

sp. showed maximum growth at 25º C with good adaptation under temperature range 

of 10-30 ºC. Several authors have obtained optimum temperature conditions of 20 °C, 

30°C and 35 °C for Nannochloropsis oculata, Chlorella vulgaris (Converti et al. 

(2009) and A. Dimorphus respectively (Chokshi et al., 2015). Guedes et al. (2011a) 

reported that T. obliquus showed higher biomass productivity (3 times) at 30° C as 

compared to 20 °C. The microalgae A. dimorphus showed an increase of 68% in 

biomass productivity at 35 °C while declined biomass productivity at 38 °C (Chokshi 

et al., 2015). The two-step method utilized to investigate the effect of two 

temperatures on microalgae revealed that temperature conditions of 30 °C increased 

the lipid production as compared to ambient temperature (Venkata Subhash et al., 

2014). Previously, it has been also observed that decreasing temperature from 30 °C

to 25 °C in Chlorella vulgaris showed considerable increase of lipid content (2.5

folds) without interfering in the growth of microalgae (Converti et al., 2009). 

Whereas, decreasing temperature from 25 °C to 20 °C showed increment in lipid

content by 1.7 folds with 8% loss of growth rate in Scenedesmus sp. (Xin et al. 2011). 

The divergence from ambient temperature causes modification in fatty acids 

composition of microalgae (Pachiappan et al., 2015). The C16-C18 is the common 

fatty acid in microalgae after treatment under high temperature conditions. The higher 

content of C16-C18 fatty acids increases the suitability of microalgae for biofuel 

production (Knothe, 2009). James et al. (2013) observed that the accumulation of 

https://www.sciencedirect.com/science/article/pii/S0960852415000036?casa_token=NOAEZbWrI2wAAAAA:GEI69jszrxJQ0IqcO0u8uMc4P9yw4GPjA-Ly25dQ5LkNmRcpVWc14_QwM0q5nIETJmI3Bf_3dRI#b0035
https://www.sciencedirect.com/science/article/pii/S0960852415000036?casa_token=NOAEZbWrI2wAAAAA:GEI69jszrxJQ0IqcO0u8uMc4P9yw4GPjA-Ly25dQ5LkNmRcpVWc14_QwM0q5nIETJmI3Bf_3dRI#b0035
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TAG was increased with temperature in C. reinhardtii, while in Desmodesmus sp. 

lipid content remained stable under wide temperature range of 25° C to 40° C 

suggesting that enzymes responsible for lipid synthesis were not sensitive to varying 

temperature conditions. The enhancement in fatty acid saturation in microalgae under 

high temperature maximize hydrophobic interactions and counterbalance the 

increased cell membrane fluidity (Srirangan et al., 2015) while the increase in the 

degree of unsaturation influence the cetane number and oxidative stability of biofuel 

(Adu-Mensah et al., 2019). 

2.9 Stress induced ROS generation in microalgae 

In aerobic organisms, reactive oxygen species (ROS) like, hydroxyl radical 

(OH˚), singlet oxygen (O2), hydrogen peroxide (H2O2), and superoxide anion (O2
-
)

occurs frequently under normal as well as stressful conditions (Ighodaro and 

Akinloye, 2018; Gauthier et al., 2020). Reactive oxygen species generation is slow 

under favourable conditions but the process accelerates after exposure of microalgae 

to adverse conditions (Ugya et al., 2020) (Fig. 2.5). At lower concentration, ROS play 

essential role by acting as signalling molecule that alter gene expression as well as 

defense mechanisms in the cell (Sachdev et al., 2021). The generation of ROS is 

accelerated when the gap between production of reduction equivalents does not match 

the consumption leading to leakage of electrons from electron transport chain 

(Gechev et al., 2006). The condition that results in the ROS generation has been 

categorized as oxidative stress.  Chloroplast, mitochondria or peroxisomes are major 

sites responsible for generation of ROS in the cell (Gill and Tuteja, 2010) (Fig. 

4).ROS are produced regularly in organelles (chloroplast, mitochondria) responsible 
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Fig. 2.5  Factors responsible for enhanced generation of ROS in microalgae 

for oxygen metabolism in microalgae (Apel and Hirt, 2004). Out of the total oxygen 

consumption, 1-2% is involved in the formation of the ROS (Bhattacharjee, 2005). 

Oxygen is also involved in several kinds of reaction that leads to the formation of 

different ROS in the cell having detrimental impacts on the cellular biomolecules 

(Juan et al., 2021). The oxygen produced by the process of photosynthesis accepts 

electron through ETC and leads to the formation of superoxide radical (O2
-
) (Juan et

al., 2021). Like plants, the whole process of photosynthesis occurs in chloroplasts as it 

contains a structured thylakoid membrane and light harvesting system that assists in 

accomplishing the photosynthesis in algae (Kumar et al., 2021). 

The role of ROS totally depends upon their concentration in the cell (Chokshi 

et al., 2020). At low concentration, it serve as the signalling molecules, influence gene 

expression as well as important regulator of the growth, metabolism and response to 

different biotic and abiotic stress conditions (Talaat,  2019). In some cases, oxidative 
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stress acts as store house of signals that organism use to make adjustment in the 

structure as well as gene expression to several environmental perturbations (Shcolnick 

and Keren, 2006). On the contrary, unfavourable growth conditions accelerate ROS 

formation which upon reaction degrade biomolecules, impairs the functioning of cell 

organelles, alter cell structure and also causes mutagenesis (Rezayian et al., 2019). 

The steady electron flow and lipids in cell membrane increases the possibility of the 

aerobic organism to oxidative damage (Von Moos and Slaveykova, 2014). Defense 

system involves the secretion of proteins, elevated storage of energy molecules, 

enhanced activities of enzymatic and non enzymatic system protects from oxidative 

damage and ensure to withstand the stress conditions (Shao et al., 2008). If the 

genomic responses to the stress are not sufficient, the vital functioning of the cell is 

hindered and the responses liable for the cell death are triggered (Shao et al., 2008). 

2.10 Defense responses against oxidative stress 

Antioxidants are essential compounds responsible for scavenging of ROS, 

provide protection to vital biomolecules and repair the damage caused by the 

oxidative stress (Halliwell, 2007). The presence of toxic pollutants evokes the 

oxidative damage through rapid generation of ROS (Li et al., 2016a) which causes 

damage to DNA, membrane stability, disturbs nutrient status and functioning of vital 

proteins and enzymes in the cell (Tamás et al., 2014). In order to ensure survival in 

contaminated environment, the microalgae has evolved a extensive mechanism to 

detoxify and promote tolerance against the toxic pollutants. The upregulation of the 

antioxidants activity has been observed in microalgae exposed to different stress 

conditions (Chokshi et al., 2017). The redox homeostasis of the cell cultivated under 

stressful environment is sustained by both enzymatic and non-enzymatic antioxidants 

https://www.frontiersin.org/articles/10.3389/fpls.2017.01492/full#B77
https://www.frontiersin.org/articles/10.3389/fpls.2017.01492/full#B142
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(Upadhyay et al., 2014). Nowicka et al. (2020) observed that enhanced activity of 

antioxidants occurs more predominantly in microalgae exposed to redox active than 

inactive metals. Non enzymatic antioxidants interfere in the process that leads to the 

production of ROS while enzymatic antioxidants repair the damage induced by ROS 

and remove the oxidised macromolecules from the cell (Pikula et al., 2019). 

2.10.1 Superoxide dismutase (SOD) 

SOD is ubiquitous, indispensible and endogenous antioxidants of plants 

defence system (Ighodaro and Akinloye, 2018) and is found widely in aerobic 

organisms/cell organelles susceptible to oxidative damage (Gill and Tuteja, 2010). 

SOD serve as the indicators of stress condition and extent of cell repair in microalgae 

(Li et al., 2020). In microalgae, SOD is one of the key enzymes responsible for 

annulment of ROS generated through oxidative stress. SOD is foremost antioxidant 

against superoxides and the enhanced activity is related to increased generation of 

superoxide (Raychaudhuri and Deng, 2008). SOD prevent damage induced by ROS 

through conversion of superoxide radical at very fast rate to H2O2 (Ma et al., 2021) 

and also protects the cell by preventing the formation of hydroxyl radical through 

Haber Weiss reaction (Gill and Tuteja, 2010). SOD production is also believed to be 

increased with metal concentration indicating protective role of SOD under heavy 

metals stress (Leong and Cheng et al., 2021). The higher SOD in microalgae signifies 

efficient defence activity against superoxide produced by abundant heavy metal 

concentration in wastewater (Danouche et al., 2020). 

2.10.2 Catalase (CAT) 

CAT is heme containing tetrameric protein (Rezayian, et al., 2019) present in 

all aerobic organisms (Zhang et al., 2018). CAT has huge potential than other 
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antioxidants as single molecule can neutralize almost 6 million hydrogen peroxide 

(H2O2) in one minute (Ścibior et al., 2006). H2O2 is the most stable ROS produced 

after neutralization of superoxides and their concentration in the cell is reduced by the 

higher activity of catalase (De Zwart et al. 1999). Catalase is responsible for 

conversion of H2O2 to simple forms having no impacts on the cell (Kato et al., 2021) 

(Fig. 2.6). Catalase not only scavenges H2O2 but also protect the cell from the attack 

of other lipid derived oxides (Ali and Alqurainy, 2006). Catalase ability to lower the 

H2O2 concentration assist in maintaining essential physiological responses in the cell 

(Góth et al., 2004). The collective efforts of both SOD and CAT is termed as first line 

defense which is responsible for providing protection to the cell from oxidative 

damage (Ighodaro and Akinloye, 2018). Antioxidants like CAT and SOD activity is 

influenced by heavy metals as their proper structure and activity is dependent upon 

the several essential metal like iron or manganese in the cell (Janku et al., 2019). 

2.10.3 Ascorbic acid 

Ascorbic acid is ubiquitous in microalgae and is found in higher level in 

photosynthetic cells. Ascorbic acid is also one of the strong antioxidants responsible 

for maintaining of cellular integrity and protection from the oxidative stress (Khan 

and Ashraf, 2008). The increased ascorbic acid accumulation is mainly due to their 

role in photosynthesis and photoprotection (Smirnoff, 2018). Due to regenerative 

nature, ascorbic acid is powerful antioxidants that in combination with vitamin E 

sequesters reactive oxygen species either directly or through enzymatic catalysis 

(Akram et al., 2017). Shao et al., (2008) stated that ascorbic acid maintain the level of 

ROS within the tolerance level in the cell. Yabuta et al., (2007) observed that the 

expression of gene responsible for synthesis of ascorbic acid is light dependent and 

continuous light intensity upregulates the synthesis of ascorbic acid. 
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Fig. 2.6 Mechanisms of ROS generation and sequestration  in microalgae 

Ascorbic acid also assists to modulate the fundamental function under both favorable 

and unfavorable conditions (Akram et al., 2017). Additionally, ascorbate-glutathione 

pair regulates developmental process through exploitation of oxidative metabolism 

(Pignocchi and Foyer, 2003). 

2.10.4 Proline 

Antioxidants mainly found in an all the compartments of the cell are necessary 

for the survival of organism under stress conditions (Chen and Dickman, 2005). 

Proline is essential antioxidant play vital role in responding effectively under diverse 

stress conditions (Ghosh et al., 2022). Salinity, metals, light and other biotic stress has 

been observed to elevate the proline synthesis and accumulation in plants (Szabados 

and Savouré, 2010; Zouari et al., 2019). Proline is considered as osmolyte that protect 

cellular structures form oxidative radicals (Shafi et al., 2019), modulate functions of 

mitochondria, manipulate cell proliferation and trigger genes responsible for recovery 

from stress conditions (Szabados and Savouré,  2010). Proline acts as signalling 

molecules and is also responsible for initiation of several signalling processes (Ghosh 
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et al., 2022), stabilization of protein structure; prevent membrane disruption (Singh et 

al., 2015), protect lipids (Okuma et al., 2004) and enzymes from degradation (Islam et 

al., 2009) and also assists in regulating the pH  of cytosol (Koca et al., 2007). Under 

metal stress, proline improves tolerance by forming chelates with metals, alleviates 

the oxidative stress by ameliorating the activity of antioxidants (Zouari et al., 2019) 

and also reduces the accumulation of ROS in the cell (Shafi et al., 2019). Proline 

alleviates the damage and removes singlet oxygen by means of physical quenching 

and hydroxyl radicals by the assistance of chemical reactions (Alia et al., 2001). Like 

ascorbic acid, proline is a non enzymatic antioxidant which has potential to evade 

programmed cell death (Forlani et al., 2019). Proline under stress conditions functions 

as the molecular chaperone that apart from improving the activity of different 

enzymes (Szabados and Savouré,  2010), sustain the protein integrity, prevent protein 

aggregation under high temperature conditions (Rajendrakumar, 1994), and protect 

the activity of nitrate reducates under metal stress (Sharma and Dubey, 2005). 

2.10.5 Cysteine 

Cysteine serves as precursor of sulphur containing peptides, proteins and 

several other compounds directly or indirectly involved in the metal detoxification 

(Leong and Chang, 2020). Tripathi and Poluri, (2021) reported that phytochelatins 

could be synthesised as a reponse to metal concentration in the cell by microalgae. 

Metal chelators like metallothioneins (MTs) and phytochelatins form complexes with 

metals and depletes their availability in the cell (Tripathi and Poluri, 2021). 

Phytochelatins are very small peptides consisting of 5-11 amino acids while 

metallothioneins are long chain peptides containing large number of amino acids 

(Pinto et al., 2003). The synthesis of phytochelatins occurs in cytosol and transported 
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to vacuole through ATP-binding cassette (ABC) transporters (Manara, 2012). 

Cysteine is essential constituent of MtIII (Cobbett and Goldsbrough 2002) and play 

key role in production and activation of phytochelatins (Perales-Vela et al., 2006). 

Howe and Merchant, (1992) reported that MtIII are vital for detoxification of metals 

from contaminated environment and sequester considerable amount of cytosolic 

cadmium from the cell (Tripathi and Poluri, 2021). The tolerance of microalgae to 

metal pollutants is not only due to the production of MtIII but also the length of MtIII 

thiol peptides (Perez-Rama et al., 2001). Metallothioneins are responsible for the 

transport of non essential heavy metals into different compartment of the cell and 

supply of essential metals to the cell (Capdevila and Atrian, 2011). MtIII have 

significant roles in metal detoxification (Chatterjee et al., 2020), sulphur metabolism, 

regulation of metal homeostasis (Garza-Lombó et al., 2018) and protection from 

oxidative damage (Tripathi and Poluri, 2021). Torricelli et al. (2004) observed that the 

concentration of cysteine was higher in microalgal species having effective tolerance 

towards metal pollution. Besides phytochelatin, cysteine enhance glutathione 

production that further accelerate the sequestration of toxic pollutants (Netto et al., 

2007), stabilize unstable macromolecules, maintain photosynthesis and also play vital 

role in neutralizing toxic derivatives produced through lipid peroxidation (Li et al., 

2020). 

2.11 Role of algal consortia in wastewater treatment 

In algal biotechnology, the single microalgae are used mainly for commercial 

application and experimental purposes as each species of microalgae have certain 

desired characteristics. In reality, the axenic culture of single algae is very difficult to 

be maintained due to presence of several micro-organisms in wastewater (Carney et 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.00517/full#B25


Chapter-2 Review of Literature 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022        54 

al., 2016). Furthermore, the wastewater complexity in the form of organic matter, 

high nutrient load and toxic heavy metals affects the remediation efficiency, algal 

growth and biomass production. To adapt under multiple stress conditions, single 

algal species may not be able to address multiple aspects from wastewater 

remediation to biofuel production. In order to overcome the challenges, the most 

promising strategy is to mix different microalgae species having synergistic effect on 

growth and biomass production. The appraisal of the ability of the consortia for 

remediation of wastewater concomitantly with biomass production can prove very 

promising for environmental protection. González-Fernandez et al., (2011) reported 

that consortia has proven very productive and effective as compared to monoculture. 

Huy et al., (2018) observed  that algal consortia consisting Chlorella and 

Scenedesmus removed 31 and 481 mgL
−1

 of phosphorus and nitrogen from

wastewater. Similarly, Chinnasamy et al., (2010) reported that consortia of native 

microalgae recovered more than 96% of nutrient with lipid accumulation of 6.82%  

and biomass productivity of 9.2–17.8 tonnes ha
−1 

year
−1

. Das et al. (2018) also

suggested that consortia can prove very effective both in terms of wastewater 

remediation and biomass production. 

Exploiting algal consortia can be the practicable approach to increase 

treatment efficiency and bioenergy production as each microalgal species has 

different nutrient requirement, detoxification mechanisms and environmental 

adaptability. Consortia boost nutrient uptake, enhance tolerance to biological 

contaminants and toxic pollutants widespread in wastewater (Renuka et al., 2013). 

Algal consortia can substantially enhance the nutrient reutilization provided adequate 

amount of nutrients are supplied in the growth media (Dayana Priyadharshini et al., 

2021). Consortia can also increase the flexibility of the algae based wastewater 

https://www.sciencedirect.com/science/article/pii/S0048969719352957#b0405
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/scenedesmus
https://www.sciencedirect.com/science/article/pii/S0048969719352957#b0165
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treatment system by increasing the resistance towards salinity, nutrient deficiency and 

metal pollutants (Stockenreiter et al., 2016). Algal cosortia for wastewater 

remediation is advantageous as lose of one species due to toxicity of pollutants in 

wastewater or antagonistic interaction is overcomed by other species (Shahid et al., 

2020). Co-culturing different microalgae also helps in autofloccution and may assist 

in decreasing the harvesting cost of biomass (Dayana Priyadharshini et al., 2021). 

Due to varying wastewater complexity, the selection of indigenous and 

tolerant algal species for the formation of consortia may efficiently mitigate the 

damage and amplify the algal productivity in terms of lipid and biomass. Consortia 

developed for the remediation of wastewater along with biofuel production must 

contain species having high tolerance to toxic pollutants while some should be able to 

enhance the lipid productivity under nutrient limited condition or toxic pollutants 

condition. Consortia consisting of microalgal species having unique capabilities to 

remove several toxic pollutants and capacity to vigorously grow under harsh 

conditions should be incoporated for treatment of wastewater. The major concern in 

consortia is the interaction between different microalgae species that can play 

fundamental role in determining the success of the remediation process. Using algal 

consortia that exhibits symbiotic relationships can serve as the efficient strategy not 

only in terms of wastewater remediation but also the biomass production. Therefore, 

exploiting algal consortia could improve the competence of algae based system for 

biofuel production and simultaneously stabilize different attributes of the municipal 

wastewater in cost-effective manner. Additionally, the novel approach of relying on 

algal consortia based systems is economical and sustainable bio-filtration system for 

wastewater remediation, lipid yield, biomass and biofuel production. 

https://www.sciencedirect.com/science/article/pii/S0048969719352957#b0865
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Chapter-3 

Material and Methods

3.0 Material and methods 

Due to cost and energy intensive technological advancement along with 

inability to remove multiple pollutants from wastewater, the sustainable process for 

the treatment of wastewater is gaining huge momentum. The integrated approach 

involving wastewater treatment and energy production is of utmost importance to 

resolve the water management issues. Algae based treatment is economical and 

reliable in several manners from wastewater remediation, carbon dioxide 

sequestration to biofuel production. Thus, the holistic approach from screening of 

tolerant species to flexible biosystem for treatment of wastewater and biofuel 

production was carried out. 

Fig 3.1 Experimental design of the present study 



Chapter-3 Material and Methods 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      57 

In the study, the following methodology was used for assessment of wastewater 

treatment, biochemical profile, lipid accumulation, defense mechanisms and biofuel 

production.  

3.1 Collection, isolation and characterization of microalgae 

The pure culture of Chlorococcum humicola, Scenedesmus vacuolatus, 

Chlorella vulgaris were obtained from the Department of Environmental Sciences, 

Babasaheb Bhimrao Ambedkar University, Lucknow whereas Oscillatoria sp. and 

Tetradesmus sp. were isolated near wastewater collection sites of Charbagh. 

Microalgae sample collected near wastewater site was cultured in the BG-11 

media. The growth media- BG-11 was prepared as mentioned by the Stainer et al. 

(1971). 

Table 3.1 Composition of BG-11 growth media for microalgae 

Chemical Concentration 

(g/L) 

 Chemical Concentration 

(g/L) 

Sodium Nitrate 1.5 Boric acid 2.86 

Potassium hydrogen 

phosphate  

0.04 Manganese 

chloride 

tetrahydrate 

1.81 

Magnesium sulphate 

heptahydrate  

0.075 Zinc sulphate 

heptahydrate  

0.22 

Calcium chloride 0.036 Sodium molybdate 0.39 

Citric acid 0.006 Copper sulphate 0.079 

Ferric ammonium 

citrate  

0.006 Cobalt nitrate 

hexahydrate  

0.049 

Ethylenediamine 

tetraacetic acid  

0.001 Trace metal mix 

A5 

1 mL 

Sodium bicarbonate 0.02 Distilled water 983 mL 
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The algal sample after microscopic examination was found to be the mixture of three 

microalgae. The single species was isolated after following regular scientific 

procedures. To isolate the species, it is important to grow algae as the pure culture. 

The following methods (agar plate method, capillary method, successive dilution) 

were adopted to purify the algal strain from natural environment.  

3.2 Material required 

Agar Agar, growth media, plastic petri dish, micropipette, inoculation loop, 

para film, laminar flow chamber 

3.2.1 Agar plate technique for isolation of pure microalgae 

For isolation of pure strains, agar plate techniques are widely used in the 

laboratory. The prepared agar plate was used for the inoculation of mixed algal 

strains. The process was performed in laminar flow chamber to avoid any 

contamination from outside environment. 

3.2.2 Preparation of agar plate and inoculation 

 The laminar was sterilized with ethanol and UV light was kept on for 30

minutes for complete sterilization. 

 In this method, the nutrient media (15 g) along with agar (1.5%) and distilled

water (1 L) added to conical flask was sterilized by  ut    vi g             5 

psi). 

 After autoclaving, the flask was allowed to cool for 30 minutes and media (20

mL) was poured into the sterilized petri plates. 

 To avoid the contamination, the process of transferring of media to petri plates

was carried out near the spirit lamp and the plates were allowed to solidify. 

 After solidification, the desired amount of algal inoculums was transferred to

plate directly with the help of micropipette or inoculation loop. The lid of the 
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plate was opened just enough to streak the plate in order to minimize the 

exposure of plate to external environment. 

 The algal cells transferred with the help of micropipette onto the petri plate

were spread in all direction for the homogenous distribution of cells on the 

entire plate. In another method, the metal loop was sterilized by keeping the 

wire loop near the blue zone of the burner till it become red hot. The sterilized 

loop was used for the streaking of algal cells onto the plates. 

 The plates were kept in culture room under controlled conditions for proper

growth of the isolated microalgae. The algal cells grow and form colonies 

after 7-10 days depending upon the size of inoculums. 

 Once the colonies were formed in the petri plate, the algal cells were taken for

identification under microscope. Lastly, the plates were wrapped in polythene 

bag and kept in refrigerator until further needed. 

3.3 Successive dilutions 

3.3.1 Material required 

Test tubes, laminar, burner, sterilized tips 

3.3.2 Procedure 

The serial dilution was carried out in bio-safety cabinet to avoid any 

contamination. The 10 test tubes after proper numbering was filled with sterilized 

BG-11 nutrient media (9 mL). The 1 mL algal inoculum taken with micropipette was 

transferred to the first test tubes. Thereafter, the 1 mL from first test tubes was 

transferred to the second test tubes followed by thorough mixing. The same procedure 

was repeated for the remaining test tubes.  

After the cell start growing in the test tube, the microscopic examination of the 

cells was carried out. The contaminated test tubes were rejected. The more diluted test 
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tubes were used to obtain the pure culture of microalgae. The pure cultures after agar 

plating and serial dilution were utilized for the characterization of microalgae. 

Mixed consortia 

3.4 Wastewater collection 

Wastewater was collected from different sites of Lucknow such as Charbagh 

(26 P

◦
P49ꞌ 57ꞌꞌN, 80P

◦ 
P56ꞌ 08ꞌꞌ E), Pakapul (26 P

◦
P 52ꞌ 21ꞌꞌ N 80P

◦ 
P54ꞌ 58ꞌꞌ E), Kukrail (26P

◦
P 52ꞌ 48ꞌꞌ 

N 80P

◦
P 57ꞌ 57ꞌꞌ E) and Jiamau (26 P

◦
P 50ꞌ 50ꞌꞌ N 80 P

◦ 
P 57ꞌ 37ꞌꞌ E) (Fig. 3.2). 

Fig. 3.2 Wastewater collection sites 

Single microalgae 
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Different concentration of wastewater (25%, 50%, 75%, and 100%) was formed by 

carrying out dilution through double distilled water (Table 3.2). The 600 mL of 

different wastewater concentrations were inoculated with algal consortia in a 1 L flask 

under laboratory conditions. 

Table 3.2 Different concentrations of municipal wastewater utilized for 

experimental work 

Wastewater concentrations Wastewater Distilled water 

Control (BG-11 media) - 600 mL 

25% WW 150 mL 450 mL 

50% WW 300 mL 300 mL 

75% WW 450 mL 150 mL 

100% WW 600 mL - 

3.5 Experimental design 

Initially, the single species were tested for their tolerance to different 

wastewater concentration under natural environment (Fig. 3.3). 

Fig 3.3 Cultivation of microalgae in plastic tubs under natural environment 

The experiment was conducted in 3 L plastic tubs (Length-36 cm, depth-12 cm) using 

municipal wastewater as the nutrient media. The algal species with excellent 

remediation potential were utilized for formation of consortia. 
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3.5.1 Preparation of mass culture 

The glassware utilized for the present study was routinely autoclaved at 15 

lb/inch
2
 and temperature of 121˚  . The flasks were tightly closed with the help of

cotton plugs and wrapped with aluminum foil before placing in autoclave for 

sterilization. The axenic cultures of selected microalgae were grown in 1 L 

Erlenmeyer flask containing 300 mL autoclaved BG-11 media. Microalgal cells were 

grown for 15 days under controlled laboratory conditions (10 W/m
2
 for 16 hours at

24± 2
0 

C) and the mass culture of each algal species was maintained in BG-11 media.

3.5.2 Preparation of algal consortia 

The algal biomass was centrifuged (5000 ×g ) and mixed to form different 

consortia using BG-11 as the growth media (Fig. 3.4). Different consortia formed 

were allowed to acclimatize and growth rate was taken at regular intervals. Consortia 

showing excellent growth were taken as indicators of positive interaction between 

different algal species.  

Fig. 3.4 Formation of consortia from different monoalgal species 

The algal consortia formed were employed for wastewater treatment under different 

light intensities (20 W/m
2
, 40 W/m

2
)     temper ture   0˚ C, 40˚ C) conditions (Fig.

3.5). The experiments were carried out in triplicates. Constant shaking of flasks was 

done at regular intervals to encourage proper mixing of nutrients and avoid settling 

down of the cells. The experiments lasted for 15-20 days and per day growth were 
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observed by taking absorbance at 650 nm. The algal biomass harvested after 15-20 

days was used for the analysis of different biochemical parameters. 

Fig. 3.5 Cultivation of different algal consortia under laboratory condition 

3.6 Analysis of physico-chemical attributes of wastewater 

3 4

The wastewater analysis was carried out by APHA, (2005). The physico-

chemical of wastewater like pH, electrical conductivity (EC), total dissolved solids 

(TDS) were analyzed with the help of Systronics water analyser- 371. The total solid 

(TS), total suspended solids (TSS) of wastewater was analyzed by gravitation method; 

biological oxygen demand (BOD) by modified Winkler method, nitrate-nitrogen 

(NO P

-1
P-N) by brucine-sulphanilic and phosphate (PO P

-3
P-P) by ammonium molybdate R R R R

method. 

3.6.1 Heavy metal estimation  

For heavy metal analysis, the wastewater sample of 10 ml before and after 

treatment were digested using Di-acid HCl : HClOR4 R(3:1) at 90 0
PC on hot-plate. The 
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samples were digested until the white precipitates were formed at the bottom of the 50 

ml flask.  Finally, the samples were diluted upto 50 mL by distilled water and filtered 

through Whatman filter paper No. 42. The heavy metal analysis was carried out 

through Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7500 cx).  

= Final value – Initial value / Final value * 100 

3.7 Biochemical analysis of microalgae consortia: 

3.7.1 Growth profile, specific growth rate (μ), biomass production and 

productivity 

Different microalgae and algal consortia were grown in 1 L Erlenmeyer flask 

containing 600 mL of BG-11 media. The per day growth of selected microalgae were 

monitored at 650 nm using spectrophotometer (Shimadzu, Japan 1601).    

The specific growth rate of microalgae (μ) was calculated as per the formula 

suggested by Yu et al. (2017): 

Biomass productivity of microalgae was calculated by the following formula 

3.7.2 Pigment content 

The pigment content in microalgae was estimated through the methods of 

Arnon (1949). 100 mg of the fresh microalgae biomass was crushed with the help of 

mortar and pestle in 3 mL chilled 80% acetone (v/v) under controlled conditions. The 

μ   
-1

) = ln (X2 – X1) / (t2 - t1) 

Where X1= Initial density at t1 time; 

X2= Final density at t2 time 

Biomass production (mg L-
1
) = (B2 - B1) *1000

Biomass productivity (mg L-
1
d

-1
) = (B2 - B1) / (t2 -t1)

Where B1=Biomass production at t1: B2=Biomass production at t2 

Percent decrease in 

metal concentration 
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homogenized cell was centrifuged at 8,000 x g for 10 minutes. After centrifugation, 

the supernatant was used for the estimation of pigment at the wavelength of 663, 645, 

480 and 510 nm using spectrophotometer (UV – 1601, Shimadzu, Japan). The 

carotenoid content was determined using the formula given by Duxbury and 

Yentsuch, (1956). 

3.7.3 Chlorophyll a fluorescence 

Chlorophyll fluorescence of treated and untreated algae under different 

environmental conditions was analyzed by Pulsed amplitude-modulated fluorimeter 

(PAM) (Aqua Pen-C, Czech Republic). The PAM was set to a pulse intensity of 3000 

μm   ph t   m
−2

 s
−1

 for 10s and light/dark induction adopted curves for Chl

irr  i   e  eve s r  gi g fr m 0 t  480 μ m   ph t   m 
− 2

 s 
– 1

. The fresh sample of

consortia was dark-adapted for 15 minutes at fixed excitation (450 nm) and emission 

wavelengths of 450 nm and 650 nm for the measurement of the OJIP curve. 

Microalgae cultivated under different experimental conditions were examined for 

different physiological parameters such as active photosystem II reaction center 

(Fv/Fo), maximum quantum yield (Fv/Fm), performance index (Pi abs), Net closing 

rate of the reaction center (Mo), Trapping flux (TRo/RC), effective antenna size per 

reaction center (ABS/RC) and electron transport per reaction center (ETO/RC) (Singh 

et al., 2019). 

 

 

Quantum yield (Fv/Fm) = Maximum fluorescence (Fm) - Minimum fluorescence (Fo) 

Maximum fluorescence (Fm) 

Effective antenna size per reaction center = (Mo/Vj)/[1-(Fo/Fm] 

Trapping flux = (TRo/ABS) * (ABS/RC) 

Electron transport per reaction center = (TRo/RC)* (1-Vj) 
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3.7.4 Protein content 

The protein concentration in the algal consortia were estimated by following 

the method of Lowry et al., (1951) modified by Herbert et al., (1971). For 

measurement of protein, 100 mg of fresh algal biomass was digested using 0.1 N 

sodium hydroxide at 100
0 

C for 10 minutes. The reagent A was prepared by mixing 50

mL sodium hydroxide (1 N) and 5 mL sodium carbonate (0.2%) and followed by the 

addition of 1 mL copper sulphate (0.5%) and 1 mL sodium potassium tartarate 

(1.0%). Reagent A (2.5 mL) added to the reaction mixture was incubated  t  5    for 

15 min. Finally, 0.5 ml Folin- i    teu’s was added and the mixture was quickly 

centrifuged. The intensity of the resulting blue colour was determined 

spectrophotometrically at 650 nm. The protein content in the sample was estimated 

using bovine serum albumin for the preparation of standard curve. 

3.7.5 Carbohydrate content 

Carbohydrate estimation was carried out through the method of Hedge and 

Hofreiter, (1962). Anthrone reagent was prepared by adding 0.029 gm of anthrone in 

100 mL sulphuric acid. For carbohydrate estimation, fresh algal biomass was mixed 

with 3 ml of anthrone reagent followed by boiling at 100
0 

C for 10 minutes in water

bath. The samples after cooling at room temperature were taken for absorbance at 600 

nm using spectrophotometer. 

3.7.6 Lipid content 

Lipid estimation was carried out by the method of Knight et al. (1972). The 

phospho-vanillin reagent was prepared by mixing 0.06 gm vanillin in 1 mL ethanol, 

40 mL of ortho-phosphoric acid and 9 mL of double distilled water. For lipid 
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estimation, 100 mg algal biomass was mixed with 2 ml of 98% sulphuric acid, 

followed by boiling for 10 minutes. After boiling, 5 ml phospho-vanillin reagent was 

added and the mixture was incubated at 37P

 0 
PC for 20 minutes. The mixture was 

further used for lipid estimation by taking absorbance at 530 nm. 

Fig. 3.6 Extraction of lipid from algal consortia 

3.7.7 Lipid extraction  

The lipid extraction from algal biomass was carried out using method of Bligh 

and Dyer, (1959). Algal biomass harvested after 20 days was used for the extraction of 

lipid. In this method, the 500 mL of algal suspension was centrifuged (5000 rpm) and 

the pellet collected was washed thrice with distilled water. The algal cell pellet was 

dried for overnight at 70˚ C in oven and the biomass was grounded with the help of 

mortar and pestle. After weighing, the powdered biomass was washed with neutral 

phosphate buffer saline. To the algal biomass, 0.5 mL PBS and glass beads were added 

followed by vortexing of the suspension for 10 minutes. Further, the phosphoric acid 

and sulfuric acid (0.4% v/v) in the ratio of 2:0.75 added to the mixture was incubated 

for 5 minutes (50˚ C).  The mixture was again centrifuged at 2000 rpm for 5 minutes. 

The chloroform: methanol (2:1) was added to the biomass 



Chapter-3 Material and Methods 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      68 

     fter v rtexi g f r 5 mi utes; the mixture w s  eft  t  5˚   f r  4 h urs. The 

distilled water (1 mL) and 2 mL chloroform: methanol solution added to the mixture 

was again vortexed and finally centrifuged at 4000 rpm. The distinct two phases are 

formed, the top layer was aspired and the bottom layer was transferred to another vial 

followed by washing with NaCl solution (5%) to remove impurities. The lipid content 

in algal biomass was calculated by the following formula: 

 The lipid extracted was further utilized for the fatty acid methyl ester (FAME) 

profiling through gas chromatography-mass spectrometry. 

3.8 Estimation of Oxidative stress markers 

3.8.1 Hydrogen peroxide (H2O2) 

Hydrogen peroxide (H2O2) concentration in algal biomass was estimated by 

the method of Velikova et al. (2000). The fresh algal biomass soon after harvesting 

was mixed with trichloroacetic acid (0.1%) followed by centrifugation at 8000 ×g. 1 

ml of filtrate was mixed with 0.5 ml phosphate buffer (10 mM) and 1 ml of potassium 

iodide (1M). Finally, the absorbance was recorded at 390 nm using a 

spectrophotometer and the concentration of H2O2 in algal sample was calculated from 

the standard curve of known H2O2 concentrations. 

3.8.2 Thiobarbituric acid reactive species (TBARS) 

 Thiobarbituric acid reactive species (TBARS) in algal biomass were 

estimated by the method of Heath and Packer, (1968). Lipid peroxidation in terms of 

TBARS was determined in microalgae after treatment with wastewater under different 

Lipid content (%) = A/B ×100 

A= weight of lipid; B= weight of algal biomass 
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light and temperature conditions. The reagent A was prepared by mixing 0.5 % 

thiobarbituric acid in 20% trichloroacetic acid. Through this method, algal biomass 

(100 mg) was mixed with 2 ml of trichloroacetic acid (5%) and centrifuged (10000×g) 

for 10 minutes. The 0.5 mL of filtrate was mixed with reagent A and resultant mixture 

was heated at 95
0 

C for 60 minutes followed by immediate cooling. The mixture was

again centrifuged and the absorbance was finally recorded at 532 nm and 600 nm. The 

optical density obtained at 600 nm was deducted from non-specific turbidity. The 

TBARS concentration in the samples was calculated by extinction coefficient 155 

mM 
-1

 cm 
-1

.

3.9 Estimation of different antioxidants in algal consortia

3.9.1 Proline estimation 

Proline content in the microalgae samples was estimated by using the method 

of Bates et al, (1973). For proline estimation, acid ninhydrin was prepared by mixing 

ninhydrin ninhydrin (1.25 g), glacial acetic acid (30 mL) and phosphoric acid (20 

mL). Fresh samples of the microalgae (250 mg) were crushed in sulfosalicyclic acid 

(3%) and the mixture was centrifuged at 10,000 × g. The mixture was further mixed 

with 1 mL GAA and acid ninhydrin. The reaction mixture was heated (95
◦ 
C) for 60

minutes followed by cooling for 5 minutes. Finally, the 4 ml toluene was added and 

extraction was carried out by vortexing the mixture for 15 seconds. The upper layer 

was taken out and the absorbance of lower layer was recorded at 520 nm.   

3.9.2 Cysteine estimation 

Cysteine content in algal consortia treated with wastewater was estimated by 

the method of Gaitonde (1967). Reagent A was prepared by dissolving ninhydrin (250 
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mg) in glacial acetic acid (6 mL) and hydrochloric acid (4 mL). In this method, the 

fresh 500 mg microalgae sample crushed in 2 mL chilled perchloric acid (5%) was 

centrifuged at 10,000 ×g for 10 minutes. After centrifugation, 1 mL of the 

supernatant, glacial acetic acid and reagent A was mixed properly and heated for 30 

minutes at 100
0 

C. Finally, the absorbance of the samples was recorded at 560 nm

using double beam UV- spectrophotometer.  

3.9.3 Ascorbic acid estimation 

Ascorbic acid was estimated through the method of Kampfenkel et al. (1995). 

2, 6-dichlorophenolindophenol sodium salt dehydrates (DCPIP) was prepared by 

dissolving 100 mg DCPIP in 1 L of distilled water. Before use, the DCPIP solution 

was diluted with distilled water (10/25). The fresh algal samples (100 mg) were 

homogenized in 2 mL extracting solution containing 3 gm trichloroacetic acid and 

0.075 gm ethylenediamine tetraacetic acid. The mixture was centrifuged at 3000 × g 

for 5 minutes. After centrifugation, 1 mL supernatant was mixed with 5 mL of DCPIP 

and absorbance was taken at 525 nm. 

3.10 Estimation of different enzymes in microalgae consortia 

3.10.1  Preparation of enzyme extract 

For enzymatic antioxidants estimation, 100 mg of fresh biomass of consortia 

was mixed with 100 mM phosphate buffer (pH-7), ethylenediamine tetraacetic acid 

(1mM), and a pinch of polyvinyl polypyrrolidone. The mixture was centrifuged at low 

temperature (4
0 

C) for 10 minutes at 12000 × g. The extract was utilized for the

estimation of following enzymes: 
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3.10.2 Superoxide dismutase (SOD) 

SOD activity in algal consortia was analyzed by following the method of 

Nishikimi and Rao, (1972). The reaction mixture was prepared by adding sodium 

pyrophosphate buffer, phenazine methanosulphate, nitroblue tetrazolium and enzyme 

extract, respectively. After adding different chemicals, the volume was raised to 2.8 

mL and the reaction was started using 0.2 mL of NADH (0.78 mM). Finally, the 

reaction mixture was incubated at 30
0
 C and 1 mL of glacial acetic acid was used to

stop the reaction. The absorbance was recorded at 560 nm on spectrophotometer. 

3.10.3 Catalase activity 

The catalase (CAT) activity in algal samples was examined by the method of 

Aebi (1984). The fresh algal biomass (100 mg) mixed with phosphate buffer (50 mM) 

and ethylenediamine tetraacetic acid (1 mM) was centrifuged at 6,000 g. The reaction 

mixture was prepared by mixing 0.5 ml hydrogen peroxide (40 mM), 1.3 mL 

phosphate buffer and crude extract (0.2 mL). The absorbance was taken at 240 nm for 

90 seconds. The H2O2 consumption was calculated by 39.4 mM
-1

 cm
-1

as the extinction

coefficient. 

3.10.4 Glutathione reductase (GR) 

The GR activity in microalgae was examined following the method of Smith 

et al., (1988). The reaction mixture (1 mL) was prepared by adding enzyme extract 

along with 0.2 mL phosphate buffer (50 mM), ethylene diamine tetraacetic acid (0.2 

mM), freshly prepared 5, 5’-dithiobis nitro benzoic acid (2 mM) solution and 0.1 mL 

GSSG. The reaction was started by adding 0.1 mL nicotinamide adenine dinucleotide 

phosphate (2 mM) to the mixture. The mixture was properly shaken and the 
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absorbance of yellow colour was recorded at 412 nm at the gap of 15 second for 3 

minutes. 

3.11 Fourier transforms infrared spectroscopy (FTIR) of algal biomass 

FTIR spectroscopy was used to distinguish the modification in the 

macromolecular composition of algal consortia after treatment with municipal 

wastewater under different light and temperature conditions. The algal consortia after 

reaching saturation phase were dried and grounded into very fine particles using 

mortar and pistle. The powdered biomass after proper mixing with potassium bromide 

(1:10) was used for formation of transculent disk-shaped pellet at 150 lbs using 

hydraulic press. The IR absorbance was measured (4000-500 cm
-1

) in the FTIR

machine for analysis (Thermo- Scientific Nicole 6700, USA). The background 

correction of absorbance was carried out by using omics software. The spectra 

obtained were used to analyze of composition of treated samples as compared to 

control under different environmental conditions. The biochemical constituents in 

algal biomass were assessed after comparing the absorption spectra with characteristic 

absorbance of different macromolecules (Duygu et al., 2012). 

3.12 Statistical analysis 

The statistical analysis of different parameters of wastewater and microalgae 

were performed by using the Statistical Package for Social Sciences software. One 

way analysis of variance was used to assess the comparison between different 

wastewater treatments. Duncan multiple range test was used to differentiate the effect 

of different wastewater concentrations on consortia. Similar alphabets were used to 

show the non-significant changes in different parameters treated with wastewater. 

Standard deviation were represented in the form of bar in different figures. 
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Chapter-4 

Microalgal Competence in Urban Wastewater 

Management: Phycoremediation and 

Lipid Production 

4.0 Introduction 

Water resource is mainly contaminated by direct disposal of wastewater from 

different sources which disturbs the balance of aquatic ecosystem (Singh et al., 2020; 

Upadhyay et al., 2021). Therefore, appropriate approach is required for management 

of wastewater at point source as well as non point source. Urban (municipal) 

wastewater is abundant in different essential nutrients, organic matter and heavy 

metals (Hammer, 2020). Conventional techniques are not able to efficiently resolve 

the different pollutants from urban wastewater (Singh et al., 2020). In comparison to 

existing technologies for wastewater treatments (Li et al., 2020), the microalgae 

seems to be a promising tool for the treatment of nutrient enriched municipal 

wastewater (Singh et al., 2020). Microalgae has shown tremendous potential to adapt 

in diverse kinds of wastewater from dairy, leather, textile and food processing 

industries (Daneshvar et al., 2019; Goswami et al., 2019). 

Apart from water pollution, the major challenge is to reduce the dependence 

on the fossil based fuel as source of energy (Abas et al., 2015). Exploiting renewable 

energy source like wind, solar and biomass can play key role in attaining the future 

demands of energy (Owusu and Asumadu-Sarkodie, 2016). The algal biomass could 

serve as the alternative energy source with capacity to address numerous 

environmental issues simultaneously (Singh et al., 2020). The problem of wastewater 
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pollution can be resolved using microalgae as the suitable bioresource for the 

treatment of wastewater (Hannon et al., 2010: Upadhyay et al., 2021). Besides 

mitigation of wastewater related pollution, the algal biomass generated can be used as 

the substrate for the green energy (Singh et al., 2020). Luo et al., (2016) observed that 

microalgae Coelastrella sp. effectively removed nutrients (90%) from swine 

wastewater. Microalgae Scenedesmus bijuga and Oscillatoria quadripunctulata have 

been observed to remove the copper and lead from contaminated environment 

(Ajayan et al., 2011). Furthermore, Oscillatoria, Chlamydomonas, Scenedesmus and 

Chlorella have shown exceptional potential to remove and tolerate different 

concentration of metal pollutants (Abdel-Raouf et al., 2012). Therefore, utilizing 

microalgae could be a sustainable approach for the treatment of wastewater (Pacheco 

et al., 2015). Extensive studies has been carried on microalgae for nutrient and metal 

removal but a very little effort has been made to examine the cellular modification 

and defense activities. Microalgae Chlorococcum humicola, Tetradesmus sp. and 

Oscillatoria sp. were used for municipal wastewater treatment and simultaneous lipid 

production. The present investigation includes study of growth response of these algal 

strains, nutrient removal efficiency and cellular defense mechanism against the 

toxicants of wastewater and modifications in cell constituents including lipid 

molecules in selected microalgae. 

4.1 Results and discussion 

4.1.1 Physico-chemical characteristics of wastewater 

The physico-chemical attributes of municipal wastewater collected from 

Lucknow was analysed and the results are mentioned in table 4.1. The municipal 

wastewater showed the presence of different heavy metals such as Fe (1809.33±14.10 
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Table 4.1 Changes in physicochemical attributes of wastewater treated with C. humicola, Oscillatoria sp. and Tetradesmus sp. All values 

are in mg/L otherwise mentioned. All values are in means ±SD (n=3). ANOVA post hoc DMRT (p≤0.05) was done to check the 

significance difference between the variables. Identical letter indicates no significant difference with in the variables. 

Parameters 
Initial 

concentration 
Algal species Control 25% WW 50% WW 75% WW 100% WW 

pH 8.4±0.25 

CH 7.54±0.049
a

9.02±0.048
d

8.86±0.051
cd

8.95±0.044
ab

9.00±0.053
d

Os 7.35±0.040
a

9.16±0.068
d

9.29±0.032
e

9.08±0.068
cd

9.09±0.058
d

TS 8.12±0.093
b

8.52±0.181
bc

8.66±0.183
c

9.07±0.101
d

8.54±0.153
c

EC (µS cm
-1

) 856±4.58 

CH 4.91±0.200
a

122±5.56
b

210±6.00
c

316±4.58
d

385±6.00
d

Os 7.27±0.152
a

134±3.00
b

222±6.00
c

357±7.54
d

405±5.56
e

TS 4.8±0.457
a

110.33±5.95
b

200.33±5.75
c

305±7.15
d

335.66±7.44
d

TDS 305±4.04 

CH 5.52±0.213
a

77.44±0.216
b

102.28±2.030
c

122.10±1.360
d

149.80±1.380
e

Os 3.91±0.218
a

88.63±1.896
b

106.80±1.747
c

128.77±1.036
d

140.46±2.297
e

TS 2.41±0.018
a

64±4.470b 92±13.39
b

115±21.03
cd

135±18.5
de

TSS 122.6±2.27 

CH 3.83±0.65
a

24.33±1.305
b
 31.33±0.849

c
 52.33±0.935

d
 60.33±1.652

e

Os 5.20±0.91
a

26.33±1.443
b
 39.66±1.200

c
 55.66±0.648

d
 65.33±1.073

e
 

TS 1.82±0.76
a

23.33±3.05
b

30±4.580
c

61.66±6.42
e

70.33±4.04
e
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TS 420.17±5.03 

CH 9.07±0.040
a

103.77±1.162
b

135.66±1.598
c

173.76±1.466
d

214.50±1.733
e

Os 9.43±0.045
a

113.50±2.601
b

150.88±2.495
c

185.91±1.203
d

202.86±1.185
e

TS 4.72±0.652
a

90±0.892
b

122.33±17.48
c

178.45±25.64
d

200.98±15.51
e

BOD 45±2.08 

CH 0.21±0.005
a

3.33±0.160
c

8.36±0.235
e

15.66±0.896
g

20.36±1.098
i

Os 0.48±0.008
a

4.60±0.700
c

9.46±0.653
f

17.73±1.160
h

23.40±1.113
j

TS 0.42±0.022
a

1.33±0.136
b

7.62±0.974
d

16.41±1.60
gh

20.03±2.12
i

DO ND 

CH 6.34±0.402
h

3.01±0.366
f

2.03±0.045
e

0.64±0.0112
bc

0.183±0.060
a

Os 6.20±0.490
h

2.77±0.081
ef

1.02±0.059
d

0.53±0.0172
b

0.140±0.045
a

TS 7.40±0.178
i

5.33±0.136
g

2.45±0.236
e

0.843±0.178
c

0.360±0.136
b

NO3-N 39.44±1.90 

CH 2.06±0.170
b

5.56±0.368
d

8.46±0.414
f

13.83±0.343
i

16.23±0.436
k

Os 2.36±0.470
b

7.26±0.202
e

10.31±0.408
h

14.22±0.458
j

19.50±0.372
l

TS 1.17±0.309
a

4.82±0.284
c

9.68±0.27
g

12.8±0.44
i

14.30±0.686
j

PO4
-3

16.72±0.57 

CH 0.167±0.010
a

0.426±0.013
b

0.751±0.014
c

1.33±0.031
e

1.80±0.036
f

Os 0.164±0.010
a

0.422±0.011
b

0.773±0.013
c

1.43±0.022
e

2.02±0.084
g

TS 0.136±0.042
a

0.363±0.062
b

0.813±0.103
d

1.30±0.139
e

1.96±0.126
f

All values are in mg/L, otherwise mentioned, ND-Not detected, CH: Chlorococcum humicola, Os: Oscillatoria sp., Ts: Tetradesmus sp. 
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µg/L), Pb (8.14±0.090 µg/L), Cd (2.072±0.050 µg/L), Cr (3.02±1.08 µg/L), Cu 

(2.05±0.051 µg/L), Zn (12.22±0.765 µg/L), Ni (13.45±0.576 µg/L) and As 

(0.25±0.005 µg/l), respectively. 

4.1.2 Variation in wastewater characteristics with microalgae 

The characteristics of wastewater were analyzed after treatment with selected 

microalgae (Table 4.1). The physico-chemical parameter; pH shifts towards alkalinity 

throughout the range of wastewater concentration after algal treatment as compared to 

their respective untreated wastewater. The result also showed that dissolved oxygen 

(DO) was increased in different wastewater concentrations after algal treatment. The 

results on DO level of wastewater after treatment by Tetradesmus sp., C. humicola 

and Oscillatoria sp. showed an increase of 5.33, 3.01 and 2.77 folds respectively, at 

25% concentration of wastewater  and subsequent decline in DO level was observed 

with wastewater concentration gradient (Table 4.1). The results further exhibited that 

highest reduction in EC, TDS, TSS, TS and BOD were found in selected microalgae 

grown in BG-11 media than wastewater treated microalgae. At 25% wastewater 

concentration, the reduction in EC, TDS, TSS, TS and BOD was found to be 87.11%, 

79.01%, 80.72%, 78.57% and 97.04% with Tetradesmus sp. while the said parameters 

were reduced by 85.74%, 80.15%, 74.60%, 77.14 % , 92.6%, and 84.34%, 70.94%, 

78.52%, 72.98% 89.77%, by  C. humiocla and Oscillatoria sp. respectively. The 

results further revealed that Tetradesmus sp. showed the highest reduction of 76.39%, 

69.83% and 64.36%, 62.29% in EC and TDS at 50% and 75% concentration of 

wastewater, respectively. At 50% concentration of wastewater, Tetradesmus sp. 

showed highest removal efficiency of 70.88%, 75.53%, 83.06% while with C. 

humicola, the removal efficiency of 58.64%, 57.31%, 65.20% in TS, TSS and BOD 
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was observed at 75% concentration of wastewater. At 100% wastewater 

concentration, the results revealed that the highest reduction in EC (60.86%), TDS 

(55.73%), TS (52.16%) and BOD (55.48%) was observed with Tetradesmus sp. 

followed by C. humiocla and Oscillatoria sp. respectively. The reduction in total 

suspended and dissolved solid content of wastewater could be due to flocculation and 

assimilation of the nutrients by microalgae (Kumar et al., 2013). The decline in the 

BOD level may be attributed to microbial load in wastewater that utilizes the oxygen 

released by microalgae for degradation of organic matter (Su et al., 2012). The TDS 

and BOD removal by selected microalgae was found to be higher than that reported 

by El-Sheekh et al. (2016). The results also revealed that the nitrogen removal 

efficiency of 97.02%, 94.77% and 94.01% was found highest in untreated 

Tetradesmus sp., C. humicola and Oscillatoria sp. as compared to wastewater treated 

one. At 25% concentration of municipal wastewater, the nitrogen removal efficiency 

was found to be 87.77% and 85.90% in Tetradesmus sp. and C. humicola which was 

the highest as compared to Oscillatoria sp. (81.59%). At 75% and 100% 

concentration of wastewater, the results showed the highest decline in nitrate nitrogen 

level of wastewater was 67.54% and 63.74% with Tetradesmus sp., while lowest was 

observed with C. humicola (64.93%, 58.84%) and Oscillatoria sp. (63.94%, 50.55%). 

The phosphorus removal efficiency of 97.97%, 97.51% and 97.55% was also found 

highest in untreated Tetradesmus sp. Oscillatoria sp. and C. humicola than 

wastewater treated microalgae (Table 4.1). Further, the results on phosphorus removal 

by Tetradesmus sp., C. humicola and Oscillatoria sp. exhibited removal efficiency of 

about 94.59%, 93.66% and 93.72, at 25% concentration of wastewater, respectively. 

The phosphorus removal from wastewater was found to be the highest (> 93%) at 

25% wastewater and ~ 89% at 50% wastewater in the treated algae. At 100% 
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wastewater (undiluted), the phosphorus (73.20%) removal by C. humicola was higher 

than Tetradesmus sp (70.88%) and Oscillatoria sp. (69.94%). Both nutrients (nitrogen 

and phosphorus) are important for microalgae and higher uptake from the wastewater 

is responsible for excellent growth and cellular functioning (Singh et al., 2020; 

Upadhyay et al., 2021). Thus, decreased nutrient level in treated wastewater could be 

ascribed to their assimilation and sequestration by microalgae (Rajasulochana and 

Preethy, 2016). The substantial reduction of nutrients from wastewater by 

Chlamydomonas polypyrenoideum has been reported by Kothari et al. (2013). Xu et 

al. (2015) reported that Scenedesmus obliquus removed 70-88% and 58-74% of total 

phosphorus and nitrogen from the wastewater, respectively. The BOD, TDS, nitrogen 

and phosphorus removal by selected microalgae from the municipal wastewater was 

higher than that reported by earlier workers (El-Sheekh et al., 2016; Tripathi et al., 

2019). 

4.1.3 Removal of heavy metals from wastewater through microalgae 

The different municipal wastewater concentration treated with microalgae 

revealed a significant reduction in the metal concentrations after 16 days. The heavy 

metal removal efficiency of C. humicola at 25% concentration of wastewater was 

found to be the highest for Ni (88.1%), Cd (85.47%), As (84.40%) while Tetradesmus 

sp. for Zn (82.40%), Cu (87.67%), Fe (86.33%) and Oscillatoria sp. showed efficient 

removal for Pb (85.87%) and Cr (78.03). The treatment of 50% concentration of 

wastewater, C. humicola exhibited metal removal efficiency in the order of 

Ni>Zn>Pb>As >Fe>Cd>Cu>Cr, whereas metal removal after treatment with same 

dilution (50%, v/v) of wastewater was in the order of Cu>Fe>Pb>Zn>Ni>As>Cd>Cr 

and Zn>Ni>As>Cd>Cu>Fe>Pb>Cr with Tetradesmus sp. and Oscillatoria sp. 
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respectively (Fig. 4.1). The reduction in metal contents at 100% wastewater was in the 

order of Fe (61.56%), Cu (61.19%), Zn (61.04%), As (56.19%), Ni (55.29%), Pb 

(51.78%), Cd (49.26%) and Cr (43.65%) after treatment with Tetradesmus sp. while 

lowest was observed with Oscillatoria sp. The results suggested that Tetradesmus sp. 

and C. humicola was more effective in removing different heavy metals from 100% 

wastewater than the Oscillatoria sp. Earlier reports showed that heavy metals removal 

efficiency of C. vulgaris and C. salina was in the range of 13.61–100 % (El-Sheekh et 

al.,  2016), while our study showed metal removal efficiency of 43.65-87.83%, 31.87-

88.10%, 24.17-87.76% with Tetradesmus sp., C. humicola and Oscillatoria sp., 

respectively (Fig. 4.1). However, the metal removal efficiency of selected microalgae 

in present study was comparable to that reported by Ajayan et al. (2015). Perhaps, this 

difference in the metal removal efficiency of algal strain might be attributed to nature 

of the wastewater and metal tolerance characteristics of individual algal species. 

Earlier workers have demonstrated that the reduction of metals from wastewater 

depends upon the chelation, compartmentalization and accumulation of metabolites 

inside the algal cells (Emamverdian et al., 2015; Singh et al., 2020). It has been 

suggested that microalgae experience different stresses in the presence of wastewater 

and start synthesizing phytochelatin or exopolymers thereby, protect microalgae from 

damage (Cassier-Chauvat and Chauvat, 2015). The other adaptive mechanisms might 

involve alterations in the metabolic pathways associated with protective cellular 

response of microalgae, which ensures their growth in the presence of wastewater 

stress (Piotrowska-Niczyporuk et al., 2015). Overall, Tetradesmus sp., and C. 

humicola were more effective in removal of organic matter, nitrogen and heavy 

metals from different wastewater concentrations as compared to Oscillatoria sp. 
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Fig 4.1 Heavy metals removal efficiency of C. humicola, Oscillatoria sp. and 

Tetradesmus sp. treated with different concentrations of municipal wastewater 
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4.2 Growth response of microalgae to wastewater 

 Growth characteristics of selected microalgae treated with different municipal 

wastewater concentrations (25%, 50%, 75% and 100 %, v/v) were analyzed by 

measuring absorbance at 650 nm on per day basis (Fig. 4.2). The results showed slow 

growth upto 3
rd

 day in selected microalgae treated with wastewater than control. The

initial slow growth could be due to channelization of energy for maintaining 

homeostasis by microalgae under municipal wastewater. The results also showed that 

C. humicola, Tetradesmus sp. and Oscillatoria sp. treated with 75% and 100% 

wastewater concentrations showed reduction in the exponential phase (8 days), which 

could be attributed to wastewater induced toxicity to microalgae (Nabizadeh et al., 

2006). The decreased growth could also be due to metal pollutants mediated 

interruption in the essential metabolic processes such as photosynthesis and cell 

division (Arunakumara and Zhang, 2008). It was observed that Tetradesmus sp. 

showed highest growth rate at different concentration of wastewater as compared to 

C. humicola, and Oscillatoria sp. Further, the results exhibited maximum growth rate 

at 50% of municipal wastewater in selected microalgae (Fig. 4.2). The growth curves 

reflected that that 25% and 50% wastewater concentration enhanced the growth of 

microalgae with respect to control.  
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Fig.4.2 Growth pattern of C. humicola , Oscillatoria sp. and  Tetradesmus sp. 

under different wastewater concentrations 
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4.3 Effect of municipal wastewater on pigment content of microalgae 

The pigments (total chlorophyll and carotenoids) content is important indicator of 

adaptation potential of microalgae grown under different environmental conditions. It 

was observed that chlorophyll content increased by 78.97%, 26.54%, and 17.85% in 

C. humicola, Oscillatoria sp. and Tetradesmus sp. respectively treated with 25% 

municipal wastewater. The results showed the maximum increase of total chlorophyll 

content in C. humicola, Tetradesmus sp. and Oscillatoria sp. at 50% concentration of 

wastewater were about 54%, 57% and 52% higher than the control (Table 4.2). At 

75% and 100% concentration of wastewater, the chlorophyll content was increased by 

82% and 50% in Tetradesmus sp. whereas 2.70% and 19.51% in case of C. humicola 

while percent decline of 3.08% and 17.28% in case of Oscillatoria sp.  The decrease 

in chlorophyll content may be due to toxic metal pollutants (Maleva et al., 2012), 

which affects the photosynthetic process by altering the activity of enzymes involved 

in the Calvin cycle (Aggarwal et al., 2012). Kumar and Shin, (2017) further suggested 

that impairment in the chlorophyll biosynthesis affects the growth of microalgae. The 

carotenoid pigment showed an increasing trend with wastewater concentration 

gradient when compared with their respective control. The carotenoid content was 

increased by 1.54, 2.07, 1.79 and 1.48 folds in Tetradesmus sp., after treatment with 

25%, 50%, 75% and 100% wastewater concentration. In case of C. humicola, an 

increase of 1.25 and 1.39 folds while 1.11 and 1.50 folds in carotenoid content in 

Oscillatoria sp. was observed at 50% and 75% concentration of wastewater, 

respectively. Further, the maximum increase in the carotenoids content of C. humicola 

(1.71 fold) and Oscillatoria sp. (1.90 fold) was observed at 100% concentration, as 

compared to control (Table 4.2).  The increased carotenoid synthesis with wastewater 
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concentration gradient could be due to their role as antioxidants which maintain 

stability, maintain ROS balance, prevent membrane degradation and lipid 

peroxidation (Aboul-Enein et al., 2003; Sun et al., 2014; Singh et al., 2019). The 

results also revealed that carotenoids was less sensitive towards different 

concentrations of wastewater and increased carotenoids accumulation offered 

protection against reactive oxygen species (Upadhyay et al., 2021). 

4.4 Protein, carbohydrate and lipids content 

 Microalgae C. humicola, Tetradesmus sp. and Oscillatoria sp. grown in 

different concentration of wastewater showed highest increase in the protein content 

of C. humicola (27.07%) at 25% wastewater, whereas in case of Tetradesmus sp. 

(37.50%) and Oscillatoria sp. (33.33%), it was observed at 50% concentration of 

wastewater (Table 4.2). 

At 75% and 100% concentrations of wastewater, a decline in the protein 

content of C. humicola (0.43% and 4.80%) and Oscillatoria sp. (39.62%, and 

30.07%) were observed in comparison to control. In case of Tetradesmus sp., an 

increase of 20.83% in protein content was observed at 75% wastewater concentration 

while declined by 16.66% at 100% concentration of wastewater. The declined protein 

synthesis in selected microalgae at 100% wastewater concentration could be due to 

inhibited enzyme activity responsible for protein synthesis (Carfagna et al., 2013). 

Patra et al. (2004) also reported that decline in the protein content might be due to 

binding of metals with sulphydryl groups of proteins which leads to protein 

deformation. The results of present study reflected that the protein content in 

Oscillatoria sp. was lower as reported by Sundaramoorthy et al. (2016). 
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Table 4.2 Effect on total chlorophyll (mg g
-1

 fw), carotenoids (mg g
-1

 fw), carbohydrate (mg L
-1

 fw), protein (mg g
-1

 fw) lipid (mg L
-1

),

TBARS (μmol g
-1

fw) and H2O2 (μmol g
-1

fw) content in microalgae C. humicola, Oscillatoria sp. and Tetradesmus sp. cultivated under

different wastewater concentrations. All the values are means ±S.D. ANOVA post hoc DMRT (p≤0.05) was done to check the 

significance difference between the variables. Identical letter indicates no significant difference with in the variables. 

Parameters Microalgae Control 

Wastewater concentration 

25% WW 50% WW 75% WW 100% WW 

TC 

CH 0.033±0.0014
d
 0.051±0.0032

f
 0.059±0.0009

g
 0.032±0.0012

d
 0.026±0.0019

c
 

Os 0.016±0.0016
a
 0.020±0.0009

b
 0.024±0.0029

bc
 0.015±0.0013

a
 0.013±0.0007

a
 

Ts 0.028±0.008
c

0.033±0.001
d

0.044±0.002
e

0.051±0.003
f

0.041±0.001
e

Carotenoids 

CH 0.158±0.006
c
 0.192±0.056

e
 0.199±0.007

e
 0.220±0.004

f
 0.271±0.010

g
 

Os 0.080±0.009
a
 0.077±0.003

a
 0.089±0.007

a
 0.120±0.008

b
 0.152±0.007

c
 

Ts 0.082±0.003
a

0.127±0.004
b

0.170±0.006
d

0.147±0.007
c

0.122±0.005
b

Carbohydrate 

CH 20.39±0.113
d
 31.62±0.631

f
 26.47±0.383

e
 19.86±0.214

c
 17.59±0.266

bc

Os 24.69±0.256
e
 26.80±0.201

e
 27.75±0.571

e
 20.03±0.209

bc
 20.50±0.155

c
 

Ts 15.31±1.37
ab

25.4±1.07
e

34.16±1.91
g

16.24±1.90
ab

12.78±0.830
a
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Protein 

CH 0.022±0.0013
g
 0.029±0.0010

h
 0.028±0.0012

h
 0.022±0.0018

g
 0.021±0.0022

f
 

Os 0.013±0.0009
d
 0.010±0.0014

c
 0.015±0.0016

e
 0.008±0.0027

a
 0.009±0.0011

b
 

Ts 0.024±0.002
gh

0.030±0.001
hi

0.033±0.001
j

0.029±0.003
h

0.025±0.005
gh

Lipid 

CH 0.117±0.009
a
 0.155±0.011

bc
 0.189±0.013

d
 0.164±0.019

bcd
 0.157±0.022

bc
 

Os 0.136±0.016
ab

 0.158±0.011
bc

 0.172±0.017
cd

 0.156±0.018
bc

 0.145±0.014
abc

 

Ts 0.143±0.013
ab

0.174±0.006
cd

0.198±0.006
e

0.177±0.011
cd

0.137±0.007
ab

TBARS 

CH 3.76±0.666
c
 4.94±0.440

d
 5.05±0.166

e
 5.59±0.333

ef
 6.02±0.881

f
 

Os 2.25±0.763
b
 4.62±0.333

d
 7.52±0.927

g
 10.21±0.600

h
12.25±0.499

i
 

Ts 1.75±0.166
a

2.15±0.345
b

3.65±0.331
c

4.73±0.632
d

5.48±0.577
ef

H2O2 

CH 11.75±2.595
a
 50.23±9.856

d
102.03±5.969

g
 112.18±3.230

g
 195.42±7.030

j
 

Os 22.85±3.218
b
 102.14±4.700

g
157.39±5.390

h
178.43±2.250

i
 210.80±6.540

k
 

Ts 8.10±0.654
a

31.53±1.05
c

80.98±2.23
e

93.44±4.12
f

144.12±7.67
h

TC: Total chlorophyll, TBARS: Thiobarbituric acid reactive subastances, H2O2: Hydrogen peroxide, CH: C. humicola, Os: Oscillatoria sp., Ts: 

Tetradesmus sp. 
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The results exhibited that lipid content was increased in C. humicola 

(32.12%), Tetradesmus sp. (21.67%) and Oscillatoria sp. (15.59%) at 25% 

concentration of wastewater. At 50% concentration of wastewater, the lipid content in 

C. humicola, Tetradesmus sp. and Oscillatoria sp. was increased by 61.00%, 27.77% 

and 20.98%, respectively. The results also showed that highest increase in the lipid 

content was observed in case of C. humicola treated with 75% and 100% wastewater 

as compared to Tetradesmus sp. and Oscillatoria sp. The enhanced lipid accumulation 

may be attributed to wastewater induced modification in microalgae (Li et al., 2018). 

The increased lipid content may be also due to modification in PS-II centres and 

enhanced synthesis of glycerol, sugar and proteins (Sun et al., 2014). Furthermore, 

carbon redistribution and conversion of starch under stress condition could also leads 

to lipid accumulation in microalgae (Tan and Lee, 2016). Similarly, an increase of 

65.90%, 123.12%, and 6.07% in carbohydrate content was observed at 25% 50% and 

75%, while subsequent decline of 16.52% was observed in Tetradesmus sp. at 100% 

concentration of wastewater as compared to control. In C. humicola, carbohydrate 

content was found to be the highest at 25% concentration of wastewater, followed by 

50% concentration of wastewater. Increase in the carbohydrate content of C. humicola 

(55% and 29.81%) than the Oscillatoria sp., (8.54% and 12.39%) was observed at 

25% and 50% concentration of wastewater, respectively. The increased carbohydrate 

content at 25% and 50% wastewater concentration as compared to control might be 

due to low toxicity as well as efficient utilization of nutrient resources by microalgae. 

At 75% and 100% wastewater concentration, the decline in carbohydrate content was 

observed in C. humicola (2.57%, 13.73%) and Oscillatoria sp. (18.85%, 16.96%). 

The decreased carbohydrate content at 75% and 100% municipal wastewater 
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concentration could be ascribed to decline in the chlorophyll content, interference in 

the cell division and inhibition of photosynthesis in microalgae. 

4.5 Lipid peroxidation and hydrogen peroxide (H2O2) 

Cultivating microalgae in contaminated environment leads to lipid 

peroxidation which is measured in terms of TBARS content (Upadhyay et al., 2016). 

The results showed the highest TBARS content in Oscillatoria sp. as compared to 

Tetradesmus sp. and C. humicola. At 100% concentration of wastewater, the TBARS 

content in C. humicola and Tetradesmus sp. was increased by 1.60 and 3.12 folds 

respectively while, it was enhanced by 5.38 fold in Oscillatoria sp. when compared 

with their respective control (Table 4.2). In case of Tetradesmus sp., TBARS content 

was observed to increase by 1.22, 2.08 and 2.69 folds  while 1.31, 1.34 and 1.48 folds 

in C. humicola, 2.04, 3.28 and 4.47 folds in Oscillatoria sp. at 25%, 50% and 75% 

concentration of wastewater.  TBARS is a by-product of lipid peroxidation and key 

indicator of toxicity (Upadhyay et al., 2020). Similarly, the level of H2O2 in 

Tetradesmus sp., C. humicola, and Oscillatoria sp. was increased by 9.15, 9.22 and 

16.62 folds respectively, in comparison to control at 100% concentration of 

wastewater. At 50% and 75% concentration of wastewater, the highest increase of 

8.68 and 9.54 folds in H2O2 was observed in Oscillatoria sp. The results also showed 

that H2O2 in Tetradesmus sp. (6.62, 7.64 folds) and C. humicola (6.88, 7.80 folds) was 

also increased after treatment with 50% and 75% concentration of wastewater. As 

compared to untreated microalgal cells, accumulation of H2O2 in selected microalgae 

was increased with successive increase in the concentration of wastewater. Higher 

intracellular concentration of H2O2 elevate the oxidative damage through oxidation of 

thiol rich compounds and interrupt the activity of enzymes of calvin cycle (Upadhyay 

et al., 2016). It also stimulates the production of hydroxyl radical (Phaniendra et al., 
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2015) and initiates cell death in case of extreme exposure of microalgae to stress 

conditions (Dat et al., 2000). 

4.6 Effect of different wastewater concentration on antioxidant activity of 

microalgae  

4.6.1 Cysteine, proline and ascorbic acid 

Exposure to stress conditions elevates the accumulation of ROS in microalgae 

which is subjected to intracellular scavenging either by enzymatic scavengers (SOD, 

CAT, GR) or by antioxidative compounds (ascorbic acid, proline, cysteine). Proline 

content in Tetradesmus sp., C. humicola and Oscillatoria sp. was increased by 4.63, 

4.04 and 3.12 fold, respectively, at 100% concentration of wastewater as compared to 

control. The results further revealed that proline content was increased by 1.46, 3.17 

and 4.29 folds in Tetradesmus sp while 1.74, 2.42 and 3.33 folds in C. humicola, 1.26, 

2.08 and 2.91 folds in Oscillatoria sp. at 25%, 50% and 75% concentration of 

wastewater. Proline protects the algal cells (Upadhyay et al., 2016) by stabilizing 

proteins, maintaining intracellular pH and cell homeostasis (Szabados and Savoure, 

2010). An increase in the accumulation of proline with wastewater concentration 

gradient in microalgae could be their involvement in cell signalling and cell recovery 

(Hayat et al., 2012). The enhanced accumulation of proline may be due to their role in 

the removal of metal pollutants from the wastewater (Tripathi and Gaur, 2004). The 

cysteine content in C. humicola, Tetradesmus sp. and Oscillatoria sp. at 25% 

concentration of wastewater exhibited an increase of 2.64, 1.89 and 1.44 folds, 

respectively, as compared to control. However, the highest enhancement in cysteine 

level was observed in C. humicola (4.92 fold) and Tetradesmus sp. (3.75 folds) while 

lowest in Oscillatoria sp. (3.40 fold) at 100% concentration of wastewater. The 

results further exhibited that cysteine content was increased by 3.53 and 4.07 folds in 
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C. humicola , 2.70 and 3.32 folds in Tetradesmus sp. while 2.35, and 2.98 folds in 

Oscillatoria sp. after treatment with 50% and 75% concentration of wastewater. The 

lowest cysteine accumulation at 25% wastewater could be attributed to decrease in the 

load of metals with increase in the dilution of wastewater. The enhancement in 

cysteine accumulation may improve the metals sequestration by acting as precursor of 

metal chelating compounds such as glutathione, phytochelatins and metallothioneins 

(Balzano et al., 2020). Ascorbic acid is another important anti-oxidative molecule of 

plant defense system with its vital role in the cell growth and metabolism (Pehlivan, 

2017). The results revealed that highest increase in the ascorbic acid was observed in 

C. humicola (4.97, 5.38, 5.93, 9.25 folds) followed by Tetradesmus sp. (3.15, 3.42. 

2.27, 3.48 folds) and Oscillatoria sp. (1.25, 1.01, 1.26, 1.64 folds) at different 

municipal wastewater concentrations (Fig. 4.3). The increased ascorbic acid content 

may regulates photosynthesis, stimulate activity of hormones, sustain redox balance 

and alleviate damage by sequestration of oxidative radicals (Gallie et al., 2013). Thus, 

the increased generation of reactive species may serves as the trigger for accumulation 

of ascorbic acid in selected microalgae. 

4.6.2 Superoxide dismutase, catalase and glutathione reductase 

The superoxide dismutase (SOD) activity in selected microalgae was observed 

to increase with municipal wastewater concentration gradient. The highest SOD 

activity was observed in Tetradesmus sp. (1.54 folds), C. humicola (1.43 folds) and 

Oscillatoria sp. (1.26 fold) at 100% wastewater concentration than control. In 

Tetradesmus sp., the activity of SOD was also increased at 25% (1.06 folds), 50% 

(1.15 folds), and 75% (1.76 folds) concentration of wastewater. 
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Fig.4.3 Effect on antioxidants (Proline, cysteine and ascorbic acid) and 

enzymatic activities (SOD, catalase and GR) in microalgae C. humicola, 

Oscillatoria sp. and Tetradesmus sp. treated with different wastewater 

concentration. 



Chapter-4   Microalgal competence in urban wastewater management: 

Phycoremediation and lipid production 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      93 

It was further observed that SOD activity was increased in C. humicola (1.15-

1.37 folds) and Oscillatoria sp. (1.20-1.32 folds) at 25%-75% municipal wastewater 

(Fig. 4.3). Thus, the increased SOD activity may be due to ROS and microalgae 

respond to offset the cell damage by stimulating the activity of SOD. SOD protect the 

aerobic organism from oxidative damages by sequestration of superoxide and also 

prevent the formation of hydroxyl radical (Ighodaro and Akinloye, 2018; Singh et al., 

2018). Besides, the activity of catalase in Tetradesmus sp. (4.95 folds) and C. 

humicola (3.63 folds) was maximum at 75% municipal wastewater concentration 

while in Oscillatoria sp., an increase of 1.48 folds was found at 100% concentration 

of wastewater in comparison to control. Further, an increase of 2.95 and 3.61 folds in 

catalase activity was observed in Tetradesmus sp. at 25% and 50% wastewater while 

1.60 and 3.12 folds in case of C. humicola. The catalase is highly specific towards 

H2O2 sequestration and neutralizes it without consuming extra energy (Sharma et al., 

2012; Shoaib and Sibi, 2018). The GR activity in C. humicola, Tetradesmus sp. and 

Oscillatoria sp. was enhanced by 5.30, 4.67 and 6.67 folds at 100% wastewater as 

compared to control (Fig. 4.3). The maximum GR activity of 7 folds was found to be 

in case of Tetradesmus sp. treated with 75% wastewater. At 25% and 50% municipal 

wastewater, the highest increase in GR activity was observed in Tetradesmus sp (4.95, 

6.53 folds) followed by C. humicola (1.43, 3.75 folds) and Oscillatoria sp. (1.74, 3.54 

folds). GR is an important antioxidant which play key role under stress condition by 

neutralizing ROS and sustain the balance of reduced glutathione in the cell (Ding et 

al., 2016; Rezayian et al., 2019). Therefore, the enhancement in the activity of 

different enzymatic activity with wastewater concentration gradient could be the 

response towards wastewater imposed stress conditions. 
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4.7 FTIR spectroscopy of algal biomass 

The FTIR spectroscopy is the technique used to examine the cellular 

composition of the algal biomass. The spectra of untreated and municipal wastewater 

treated microalgae between 3410-2850 cm
−1

 showed the asymmetry of hydroxyl

group in algal biomass (Fig. 4.4). The broad peaks in C. humicola (3415.5 cm
−1

),

Oscillatoria sp. (3402 cm
−1

) and  Tetradesmus sp. (3388.9 cm
−1

)  at 100% municipal

wastewater reflected the presence of OH group containing compounds in algal 

biomass which may be responsible metal removal from wastewater (Ajayan et al., 

2015). 

C. humicola 
Control 

100% WW 

Oscillatoria sp. 
Control 

100% WW 
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Fig.4.4 FTIR analysis of microalgae C. humicola, Oscillatoria sp. and Tetradesmus 

sp. treated with different concentration of wastewater 

The IR absorption between 2900-3000 cm
-1

 is associated with the methyl and

methylene groups (Laurens and Wolfrum, 2011) and the higher peaks in treated C. 

humicola and Tetradesmus sp. indicates lipid accumulation. Further, the absorption 

peaks between 1500-1700 cm
−1

 reflected the stretching of amide I (C=O) and amide II

(N-H) (Giordano et al., 2001), which also indicated the variation of protein content in 

microalgae. The region between 900-1200 cm
−1

 is linked to carbohydrates (Murdock

and Wetzel, 2009) and the complex overlapping bands reflects the larger variation of 

carbohydrate in microalgae after treatment with 100% municipal wastewater. Overall, 

the results of FTIR spectroscopy showed higher absorption peaks in Tetradesmus sp. 

and C. humicola which reflected that different functional groups responsible for metal 

removal were abundant in algal biomass.  

Tetradesmus sp. 
Control 

100% WW 
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CHAPTER-5 

Implication of Municipal Wastewater on Growth 

Kinetics, Biochemical Profile and Defense System 

 Of Chlorella vulgaris and Scendesmus vacuolatus 

5.0 Introduction 

Water scarcity along with energy depletion and environmental deterioration are the 

leading global problems that need to be addressed for smooth functioning of different 

ecosystem (Singh et al., 2021). Wastewater management is one of the biggest problem in 

India as the technological as well as economic constraints are hampering the proper 

treatment of wastewater (Upadhyay et al., 2021). Wastewater not only affects the 

different qualities of water but also disturb the balance of the recipient ecosystem 

(Rajasulochana and Preethy, 2016). Thus, appropriate treatment of the municipal 

wastewater is required prior to their discharge into the environment (Singh et al., 2022). 

The research on suitable treatment technologies is increasing in order to improve 

the quality parameters as well as water reuse (Ahmed et al., 2021). The conventional 

technologies like electro-coagulation, chemical precipitation, trickling filter and 

activated sludge used to treat wastewater are costly, energy-intensive and incompetent to 

deal with complexity of wastewater (Singh et al., 2020). Therefore, the sustainable 

treatment methods are required that improve the water quality as per the discharge 

standards (Upadhyay et al., 2021). Due to simple growth requirement, microalgae are 

gaining substantial attention for the treatment of wastewater (Peter et al., 2021). 

Additionally, utilizing microalgae for the wastewater treatment can certainly reduce the 
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reliance on the water, energy and nutrients which ultimately can have multiple benefits 

for the society (Singh et al., 2020). 

Algae are autotrophic, oxygen-evolving and faster growing organisms than 

terrestrial plants (Randrianarison and Ashraf, 2017). Wastewater of different origin has 

been exploited as the nutrient media for growth of microalgae (Chokshi et al., 2016). 

Earlier, it has been reported that that Chlorella vulgaris showed promising potential to 

remove nitrogen (98%) from wastewater (Liu, et al., 2017). Microalgae have also shown 

potential to remove different heavy metals from wastewater (Ajayan et al., 2011). 

Recently, microalgae Chlorella pyrenoidosa (45.45%) and Scenedesmus acutus 

(57.14%) have shown excellent potential to remove cadmium at neutral pH 

(Chandrashekharaiah et al., 2021). Similarly, Chlorella sp. and Scenedesmus sp.  

removed 8.07% and 5.13% cadmium from growth media containing 1 ppm of cadmium. 

Though, microalgae have shown tremendous remediation efficiency (Zhou et al., 2014) 

but exposure to heavy metals could lead to cellular toxicity which impairs growth, 

biomass production (Jais et al., 2017), pigment synthesis and photosynthetic activity of 

algae (Singh et al., 2021). At the same time, microalgae also stimulate the antioxidants 

activity in order to reduce the damage under stressed conditions (Danouche et al., 2020; 

Singh et al., 2022). Thus, the treatment efficiency can be improved by selecting the 

stress tolerant algal species that can counterbalance the damage and maintain the overall 

growth and productivity of microalgae. Therefore, two widely known species of 

microalgae that is Chlorella vulgaris and Scenedesmus vacuolatus were exploited to 

treat different concentrations of municipal wastewater under natural condition.  

https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
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5.1  Results and discussion 

5.1.1 Variation in wastewater characteristics treated with Chlorella vulgaris and 

Scenedesmu vacuolatus 

The quality parameters of wastewater before and after treatment with microalgae 

are mentioned in table 5.1. The initial pH of 8.1 was observed in wastewater and after 

treatment with C. vulgaris and S. vacuolatus, the increment in pH was observed which 

may be attributed to the use of CO2 from wastewater. The EC was reduced by 86.00% 

and 77.04% with C. vulgaris while  86.38% and 75.15% with S. vacuolatus at 25% and 

50% municipal wastewater, respectively in comparison to initial EC concentration. The 

results also depicted that S. vacuolatus (61.41%) and C. vulgaris (60.32%) showed 

excellent reduction in EC at 100% municipal wastewater concentration. It was also 

observed that TDS, TS and TSS was reduced by 91.31%, 90.75%, and 89.17% in case of 

wastewater (25%) treated with C. vulgaris while the reduction efficiency of 90.59%, 

90.55%, and 89.69% was observed with S. vacuolatus. Further, the results exhibited that 

S. vacuolatus showed highest TDS and TS reduction efficiency at 50% and 75% 

concentration of wastewater. Similarly, the highest TDS (65.97%) and TS (70.43%) 

reduction was observed with S. vacuolatus treated with 100% of municipal wastewater. 

The significant decline in TDS level of different wastewater concentration may be 

ascribed to utilization of nutrient resource by microalgae (Vinodhini and Soundhari, 

2019; Singh et al., 2021). The result showed that BOD level of treated wastewater was 

reduced significantly after treatment with C. vulgaris and S. vacuolatus (Table 5.1). It 

was observed that S. vacuolatus (93.40%) and C. vulgaris (91.87%) showed highest 

reduction efficiency of BOD at 25% of wastewater concentration. The results further 

showed the highest BOD reduction with S. vacuolatus (83.17% and 50.12%) at 50% and 
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100% municipal wastewater concentration. At 75% wastewater, the highest reduction 

efficiency of 67.36% in BOD level was observed with C. vulgaris. The considerable 

decline in BOD level of municipal wastewater could be due to reduction of organic 

matter of wastewater after treatment with microalgae (Singh et al., 2020, Singh et al., 

2021). The initial DO level of municipal wastewater was nil which indicated the highly 

polluted wastewater. The results showed an increase of 2.74 folds in DO level after 

treatment of 25% wastewater with S. vacuolatus while significant decline was observed 

with further increment in wastewater concentration. The decline in DO level after 25% 

wastewater concentration might be attributed to different metal pollutants in wastewater 

which eventually influence the photosynthesis and metabolic pathways of algae (Singh 

et al., 2021). The results related to different water quality parameters were in agreement 

with Upadhyay et al., (2021). 

5.1.2 Nutrient resource recovery 

Nutrient like nitrate-nitrogen and phosphorus are important for the proper 

functioning of different cellular organelles (Singh et al., 2021). At 25% municipal 

wastewater, the nitrogen and phosphorus removal efficiency of 87.74-88.90% and 

91.34-92.28% was observed with S. vacuolatus and C. vulgaris, respectively, (Table 

5.1). It was also observed that C. vulgaris removed 79.06% and 63.35% of nitrate-

nitrogen at 50% and 75% municipal wastewater while the removal efficiency of 78.25% 

and 66.14% was observed in case of S. vacuolatus. Further, the removal efficiency 

of 53.86% and 59.11% for nitrate nitrogen was observed in the case of C. vulgaris 

and S. vacuolatus, respectively. The results also depicted the highest phosphorus 

removal at 25% (93.28%), 50% (89.13%), 75% (87.40%) and 100% (83.59%) 

wastewater treatment to S. vacuolatus while, 91.34%, 88.22%, 85.12% and
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Table 5.1 Alteration in physico-chemical characteristics of different municipal wastewater concentrations after treatment with Chlorella 

vulgaris and Scenedesmus vacuolatus 

   CV; Chlorella vulgaris, SV; Scenedesmus vacuolatus. 

Parameters 
Initial 

concentration 
Microalgae 

BG-11 treated 

microalgae 

Final concentration 

25% 50% 75% 100% 

pH 8.2±0.054 
CV 8.85±0.036

b
 8.92±0.022

b
 8.95±0.037

b
 8.90±0.053

b
 9.06±0.063

c
 

SV 9.15±0.047
d
 8.75±0.036

a
 9.32±0.067

e
 9.23±0.037

e
 9.14±0.036

cd
 

EC (µS cm
-1

) 793±9.06 
CV 2.81±0.142

a
 111±2.518

b
 182±5.516

c
 251±3.053

e
 314±6.414

f
 

SV 2.44±0.237
a
 108±4.514

b
 197±2.510

d
 261±4.046

e
 306±3.512

f 

TDS 194±8.79 
CV 2.41±0.018

a
 21±4.032

b
 37±3.222

c
 53±2.737

d
 73±6.502

e
 

SV 2.23±0.035
a
 20±3.227

b
 28±3.726

c
 50±4.509

d
 66±6.285

e
 

TSS 276±11.04 
CV 3.83±0.650

a
 24.3±2.510

b
 35.66±5.033

c
 50.00±7.548

d
 75.66±5.032

e
 

SV 5.20±0.916
a
 26.3±1.522

b
 41.00±5.567

c
 54.66±7.631

d 
84.00±6.243

e
 

TS 487±15.76 
CV 6.24±0.677

a
 45±3.733

b
 73±6.557

c
 103±5.772

d
 149±12.660

e
 

SV 7.43±0.822
a
 46±5.681

b
 68±8.389

c
 96±7.236

d
 144±13.421

e
 

BOD 41±2.434 
CV 0.42±0.022

a
 3.33±0.136

b
 8.43±0.372

d
 13.38±0.290

e
 22.50±0.599

g
 

SV 0.34±0.037
a
 2.70±0.392

b
 6.90±0.410

c
 14.13±0.928

e
 20.45±0.502

f
 

DO - 
CV 5.22±0.189

a
 2.33±0.136

b
 1.10±0.236

b
 0.59±0.178

c
 0.26±0.036

d
 

SV 5.50±0.199
a
 2.74±0.089

b
 1.40±0.136

b
 0.71±0.268

c
 0.30±0.078

d
 

NO3-N 32.8±5.45 
CV 0.266±0.010

a
 4.01±0.039

b
 6.86±0.039

c
 12.01±0.256

e
 15.13±0.426

g
 

SV 0.312±0.040
a
 3.63±0.053

b
 7.13±0.214

c
 11.10±0.246

d
 12.40±0.373

e
 

PO4
-3

12.6±3.89 
CV 0.420±0.008

a
 1.09±0.036

c
 1.48±0.013e 1.87±0.049

g
 2.15±0.036

i
 

SV 0.366±0.010
a
 0.84±0.049

b
 1.34±0.018

d
 1.58±0.017

f
 2.06±0.080

h
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82.93% was observed in case of C. vulgaris. The noteworthy phosphorus removal 

efficiency may be due to nitrogen sufficient conditions which stimulated the 

accumulation of phosphorus in microalgae (Beuckels et al., 2015). The considerable 

nutrient reduction from different wastewater concentrations may be their utilization 

for growth as well as biomass synthesis (Rosli et al., 2020).  Furthermore, the removal 

of nutrients from wastewater depends upon algal species as well as the pH of media 

used for the growth of microalgae. The increase in pH after treatment of wastewater 

with selected microalgae may promotes nutrients precipitation which also may be 

responsible for removal of nutrients from wastewater (Vandamme et al., 2012; Singh 

et al., 2021). The excellent nutrient removal from wastewater has been also reported 

by Rasoul-Amini et al., (2014). 

5.1.3 Heavy metal removal 

Heavy metals toxicity is the most common stress encountered by different 

organisms (Ghori et al., 2019). Heavy metals are considered highly toxic and even 

small quantity can severely disturb different ecosystem. The results exhibited that 

heavy metal like Fe (1776.34 µg/L) was maximum in municipal wastewater followed 

by Ni (13.04 µg/L), Zn 10.78 (µg/L), Pb (9.27 µg/L), Cr (5.2 µg/L), Cd (3.12 µg/L), 

Cu (3.78µg/L), and As (0.25 µg/L). At 25% municipal wastewater, the highest 

removal efficiency for Cd (92.08%), Pb (87.85%), As (87.26%), Cr (86.93%) and Zn 

(82.51%) was observed with S. vacuolatus while C. vulgaris showed highest removal 

efficiency for Fe (92.34%), Cu (91.21%), and Ni (87.42%). The results also exhibited 

that C. vulgaris showed highest removal efficiency for Cu (83.23%), Ni (82.15%), Fe 

(73.29%) and Cd (70.47%) while removal efficiency of 75.14% (As),  73.97% (Cr), 
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73.60 (Zn) and 70.10% (Pb) was observed in case of S. vacuolatus treated with 50% 

of municipal wastewater. 

Fig. 5.1 Heavy metal removal efficiency (% age) of microalgae treated with 

different concentration of municipal wastewater collected from Lucknow. 

At 75% municipal wastewater, C. vulgaris showed highest removal for Ni (70.33%), 

Cd (59.92%), Cr (58.81%) and As (49.70%) whereas S. vacuolatus efficiently 
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removed Zn (70.45%), Cu (69.98%), Fe (67.58%) and Pb (50.07%). Furthermore, the 

removal efficiency of 65.45%, 62.69%, 61.12%, 44.29%, 36.75%, 33.73% and 

29.58% was observed for Zn, Ni, Fe, Cr, As, Pb and Cd with S. vacuolatus treated 

with 100% concentration of municipal wastewater (Fig. 5.1). The remarkable metal 

removal by selected microalgae at lower wastewater concentrations (25-50%) may be 

ascribed to lower toxicity and sufficient functional groups on cell surface. The 

tremendous metal removal potential of microalgae may be due to hydroxyl, amides, 

carbonyl and carboxyl groups on algal cell surface that bind metal and ensure their 

removal from wastewater (Kumar et al., 2020). Furthermore, the phytochelatins could 

also assist microalgae in metal sequestration (Balzano et al., 2020). Overall, the 

results reflected that S. vacuolatus was more effective in metal removal from 

wastewater than C. vulgaris. 

5.2 Growth pattern under wastewater environment 

The growth pattern of selected microalgae was recorded for 16 days after 

treatment with different municipal wastewater concentrations (25%-100%). The 

results showed restricted growth for two days which may be due to acclimatization of 

both microalgae to different wastewater and environmental conditions. The 

enhancement in the growth was observed after 2
nd

 day in both microalgae treated with

different municipal wastewater concentrations.  The results exhibited that the growth 

profile was highest at 25% and 50% wastewater concentration as compared to 75% 

and 100%. The specific growth of 0.0708 day
-1

 was observed in case of S. vacuolatus

and 0.0558 day
-1 

in case of C. vulgaris treated with 50% wastewater (Fig. 5.2). The

results also showed that specific growth rate was decreased at higher wastewater 

concentration in both microalgae. The highest growth as well as specific growth upto 
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50% municipal wastewater concentration may be due to less toxicity to microalgae 

after dilution of wastewater. Metals hamper the growth of microalgae by interfering in 

cell division and also lead to cell death under extreme exposure to metal pollutants 

(Naorbe et al., 2018). The metal induced toxicity and growth inhibition has been also 

reported by Upadhyay et al., (2016). Therefore, higher growth rate indicated superior 

adaptability of S. vacuolatus under different concentrations of municipal wastewater. 

Fig. 5.2 Alteration in growth pattern of Chlorella vulgaris and Scenedesmus 

vacoulatus under different concentration of municipal wastewater 
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5.3 Biochemical profiling 

5.3.1 Total chlorophyll and carotenoid content 

In this study, the pigment content in microalgae C. vulgaris and S. vacuolatus 

showed significant variation after treatment with municipal wastewater. The results 

depicted that chlorophyll content was increased in C. vulgaris (1.75 folds) and S. 

vacuolatus (1.23 folds) after treatment with 25% concentration of municipal 

wastewater. The results also showed that the highest increase of 2.13 folds in 

chlorophyll content was observed in case of C. vulgaris while, 2.75 folds in S. 

vacuolatus after treatment with 50% municipal wastewater. At 75% and 100% 

wastewater concentration, an increase of 1.08 and 1.02 folds in chlorophyll content 

was observed in case of C. vulgaris and in S. vacuolatus, it was increased by 1.09 and 

1.00 folds. The increased chlorophyll content might be attributed to the cellular 

mechanisms responsible for alleviation of the damage posed by wastewater. The 

results further depicted that total chlorophyll content in C. vulgaris and S. vacuolatus 

was decreased significantly at 75% and 100% as compared to 25% and 50% 

municipal wastewater.  The decreased total chlorophyll content may be ascribed to 

metal induced damage to photosystems as well as inhibited activity of enzymes 

(Farooqi et al., 2021). Metals may also disturb the ETC chain or replace the essential 

ions from the chlorophyll molecule which eventually leads to chlorophyll degradation 

(Yang et al., 2015). It was observed that carotenoid content was increased by 1.30 and 

1.05 folds in C. vulgaris and S. vacuolatus treated with 25% wastewater (Table 5.2). 

Similarly, an increase of 1.49 and 1.39 folds was also observed in C. vulgaris and S. 

vacuolatus after treatment with 50% wastewater. Further, C. vulgaris and S. 

vacuolatus also showed an increase of 1.12 and 1.31 folds in carotenoid content at 
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75% while, 1.06 and 1.10 folds at 100% municipal wastewater concentration than 

control. The increased carotenoid accumulation with wastewater may be due to its 

role as antioxidants in microalgae under adverse operating and environmental 

conditions. Slama et al., (2017) observed that apart from serving as the accessory 

pigment, carotenoids also protect the algal cell from to stress conditions. Earlier, the 

increased carotenoid accumulation after exposure of microalgae to stress conditions 

may be ascribed to scavenging of singlet oxygen by carotenoids (Hu et al., 2018). 

Furthermore, carotenoids prevent lipid peroxidation, maintain cell growth and 

stability of cell membrane (Upadhyay et al., 2021). Thus, enhanced carotenoid 

accumulation may be the defensive mechanism to sustain the cellular activity under 

different wastewater concentrations. 

5.3.2 Protein and carbohydrate content 

The results revealed an increase of 56.08% and 12.06% in C. vulgaris and S. 

vacuolatus at 25% wastewater concentration while, it was increased by 77.82% and 

65.86% at 50% concentration of municipal wastewater.  Furthermore, C. vulgaris 

showed an increase of 22.17% and 15.21% after treatment with 75% and 100% 

wastewater while, in case of S. vacuolatus, an increase of 6.20% in protein content 

was observed at 75% wastewater concentration. The decline in protein content at 

higher wastewater concentration as compared to lower wastewater concentration may 

be attributed to inhibited activity of enzymes and protein synthesizing system 

(Hossain et al., 2012). It was also observed that C. vulgaris treated with 25% and 50% 

wastewater showed an increase of 45% and 67% in carbohydrate content while, an 

increase of 4.29% and 56.53% was observed in case of S. vacuolatus (Table 5.2). The 

results further depicted that carbohydrate content was decreased at 75% and 100% as 
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Table 5.2 Effect of different wastewater concentration on total chlorophyll (mg g
-1

 fw), carotenoids, (mg g
-1

 fw), carbohydrate (mg L
-1

fw), protein (mg g
-1

 fw), lipid content (mg L
-1

), TBARS (μmol g
-1

fw) and H2O2 (μmol g
-1

fw) in microalgae Chlorella vulgaris and

Scenedesmus vacuolatus 

Wastewater 

concentration 

Total 

Chlorophyll 
Carotenoids Protein Carbohydrate Lipid TBARS H2O2 

Chlorella vulgaris 

Control 0.036±0.0006
a

0.202±0.002
a

0.023±0.0013
a

13.40±0.091
b

0.251±0.023
a

2.58±0.288
a

8.69±3.05
a

25% MW 0.064±0.0012
e

0.263±0.001
c

0.035±0.0018
e

22.44±0.823
d

0.431±0.033
b

4.73±0.166
b

83.29±3.92
c

50% MW 0.077±0.0029
f

0.302±0.031
d

0.040±0.0011
f 19.56±0.381c 0.633±0.067

c
5.26±0.331

c
173.6±8.70

e

75% MW 0.039±0.0029
ab

0.227±0.007
b

0.028±0.0017
bc

15.07±0.430
ab

0.669±0.037
c

6.23±0.326
d

268.5±9.88
g

100% MW 0.037±0.0019
a

0.215±0.003
b

0.026±0.0010
b

14.13±0.459
a

0.450±0.021
b

7.41±0.577
e

365.24±4.93
h

Scenedesmus vacuolatus 

Control 0.042±0.0023
bc

0.226±0.003
b

0.029±0.0015
bc

15.37±0.531
ab

0.274±0.019
a

2.90±0.288
a

11.64±1.78
a

25% MW 0.053±0.0021
d

0.238±0.006
bc

0.032±0.0011
d

16.03±0.418
b

0.662±0.024
c

4.19±0.288
b

67.55±6.57
b

50% MW 0.118±0.0023
g

0.315±0.006
e

0.048±0.0024
g

24.06±1.022
e

0.827±0.020
d

5.37±0.166
c

141.88±3.08
d

75% MW 0.047±0.0019
c

0.298±0.003
d

0.030±0.0013
cd 19.48±0.770c 0.872±0.057

d
6.02±0.166

d
143.33±4.83

d

100% MW 0.043±0.0024
bc

0.250±0.007
c

0.028±0.0016
bc

15.12±1.110
ab

0.705±0.055
c

7.09±0.294
e

227.16±5.39
f
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https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
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compared to 25% and 50% wastewater concentration. The increment in carbohydrate 

content at lower wastewater concentration may be attributed to prolific growth of 

microalgae. The decline in carbohydrate synthesis could be ascribed to chlorophyll 

degradation as well as decreased photosynthetic rate of microalgae. Furthermore, 

damage to chloroplast may affect the photosynthetic performance which eventually 

affects the carbohydrate synthesis in microalgae (Sun et al., 2014). 

5.3.3 Lipid content 

The results showed that the lipid content in selected microalgae was increased 

with wastewater concentration as compared to control. It was observed that C. 

vulgaris showed an increase in lipid accumulation at 25% (1.71 folds), 50% (2.52 

folds), 75% (2.66 folds) and 100% (1.79 folds) wastewater concentration while, an 

increase of 2.41, 3.01, 3.18 and 2.57 folds was observed in case of S. vacuolatus. The 

increased lipid accumulation in wastewater treated microalgae may be ascribed to 

residual organic carbon (Lin and Wu, 2015). The increment in lipid accumulation may 

be also due to the cellular responses in order to sustain the energy for accomplishment 

of the metabolic processes (Zhu et al., 2017). Further, abundance of trace elements 

may elevate the accumulation of lipid in microalgae (Leong et al., 2020). Stress 

conditions like salinity and nutrient imbalance could be also responsible for 

enhancement of lipid accumulation in microalgae. The increased lipid synthesis in 

microalgae treated with municipal wastewater was in agreement with Upadhyay et al., 

(2021). 

5.4 FTIR spectroscopy 

FTIR spectroscopy is the simple technique to determine the cellular 

composition of microalgae. The results showed that the absorption spectra between 
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1700-1000 cm
-1

 revealed the presence of amides and carboxylic groups in the algal

biomass (Upadhyay et al., 2021). Further, the spectral peaks in the region between ~ 

1280–1200 cm
-1

 and ~1500–1400 cm
-1

 reflected the presence of hydroxyl and

carboxyl groups (Fig. 5.3). The presence of different functional groups in algal 

biomass may elevate the removal efficiency for heavy metals (Michalak et al., 2018). 

Moreover, it was also observed that absorption peak at 2925 cm-
1 

were more

pronounced in wastewater treated microalgae than control. The absorption peak 

between 3000-2800 cm
-1 

could be ascribed to methylene group in the microalgae

(Singh et al., 2021). However, the sharp absorption peak (2925 cm
-1

) reflected the

lipid accumulation potential of S. vacuolatus was higher as compared to C. vulgaris. 

Overall, the different absorption peak showed by FTIR spectroscopy reflected that S. 

vacuolatus could be the promising organism for the metal removal and lipid 

accumulation. 

C. vulgaris Control 

100% WW
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Fig. 5.3 Comparison of FTIR spectra of Chlorella vulgaris and Scenedesmus 

vacuolatus treated with BG-11 media (Control) and municipal wastewater 

(100%) 

5.5 Lipid peroxidation and H2O2 

TBARS are the direct measure of lipid peroxidation and cellular toxicity 

(Belda et al., 2021). It was observed that TBARS content was increased in microalgae 

C. vulgaris (2.86 folds) and S. vacuolatus (2.44 folds) treated with 100% municipal 

wastewater. The results further depicted an increase of 1.82, 2.03 and 3.40 folds in C. 

vulgaris while 1.44, 1.85 and 2.07 folds in S. vacuolatus after treatment with 25%, 

50%, and 75% concentration of municipal wastewater. The increased TBARS content 

in treated microalgae as compared to control might be due to wastewater induced 

damage to microalgae. Upadhyay et al., (2016) also observed the increased TBARS 

content in microalgae after wastewater treatment could be ascribed to lipid 

peroxidation and damage to cellular membrane. It was observed that C. vulgaris and 

S. vacuolatus showed an increase of 9.58 and 5.80 folds in the H2O2 content at 25% 

wastewater whereas, an increase of 42.02 and 19.51 folds was observed at 100% 

S. vacuolatus Control 

100% WW
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concentration of municipal wastewater (Table 5.2). At 50% and 75% wastewater, C. 

vulgaris showed an increase of 19.97% and 30.89% in H2O2 content while, 12.18% 

and 12.31% increase in case of S. vacuolatus respectively, than control. The low 

oxidative stress markers at 25% and 50% wastewater concentration may be attributed 

to less toxicity and tolerance of microalgae to stress conditions (Kerchev et al., 2019).  

However, the increased H2O2 accumulation in wastewater treated (75%, 100%) 

microalgae may inhibit cell functioning by inducing oxidative damage. The 

enhancement in H2O2 content with metal stress has been also reported by Tahira et al., 

(2019). Additionally, increased oxidative stress markers at 100% municipal 

wastewater concentration may be due to damage to lipid and thiol-rich compounds in 

selected microalgae. Higher oxidative stress markers in C. vulgaris treated with 

wastewater indicates inferior adaptability and tolerance mechanisms. Overall, the 

results exhibited that S. vacuolatus efficiently adapted under different wastewater 

concentration as evident from the less content of oxidative stress markers. 

5.6 Antioxidants induced tolerance in microalgae treated with municipal 

wastewater 

5.6.1 Non-enzymatic antioxidants (Cysteine, proline, and ascorbic acid) 

Antioxidants alleviate the damage posed by oxidative stress and maintain the 

intracellular processes responsible for the prolific growth of microalgae (Singh et al., 

2021). The results depicted that proline content was increased by 1.57 and 4.71 folds 

in C. vulgaris whereas an increase of 2.90 and 8.80 folds was observed in case of S. 

vacuolatus after treatment with 25% and 100% wastewater concentration. Further, 

proline content was also increased in C. vulgaris (1.99 and 7.37) and S. vacuolatus 

(2.41 and 7.84 folds) treated with 75% and 100% of wastewater concentration (Fig. 

5.4). Proline, an osmolyte play essential role in protecting the microalgae under 
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adverse conditions (Mutale-joan et al., 2021). The increased proline accumulation 

with wastewater concentration gradient indicates that it might assist in maintaining 

osmotic balance and confers protection against oxidative damage. The results were in 

agreement with Singh et al. (2021). It was also observed that wastewater 

concentration of 100% enhanced the cysteine content by 5.27 and 5.88 folds in C. 

vulgaris and S. vacuolatus, respectively in comparison to their respective control. The 

results further showed that cysteine content was increased in C. vulgaris (2.04 and 

3.50 folds) and S. vacuolatus (4.54 and 5.22 folds) after treatment with 50% and 75% 

wastewater concentration respectively, than control (Fig. 5.4). The enhancement in 

cysteine content with municipal wastewater may be attributed to their active 

involvement in sequestration and detoxification of heavy metal. Cysteine also 

stimulates the production of glutathione which has important role in metal 

detoxification and scavenging of toxic derivatives triggered by stressful environment 

(Singh et al., 2022). Thus, increased cysteine accumulation may be responsible for 

sustaining growth and the metabolic activities by alleviating the heavy metal 

concentration and oxidative damage posed by different municipal wastewater 

concentrations. It was observed that ascorbic acid increased by 3.88 and 15.85 folds in 

microalgae C. vulgaris treated with 25% and 100% wastewater concentration, 

respectively. The results further depicted that ascorbic acid content in S. vacuolatus 

was increased at 50% (6.14 folds), 75% (3.11 folds) and 100% (4.03 folds) 

wastewater concentration. Ascorbic acid is water soluble non-enzymatic antioxidants 

which play protective role against stress conditions (Del Mondo et al., 2020) and also 

protect algae from oxidative damage (Akram et al., 2017). The increased ascorbic 

acid may maintain the cellular balance by scavenging of ROS and also sustain the 

activity of different metal containing enzymes in the cell (Roy et al., 2021). 
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Therefore, the increment in ascorbic acid might protects the cellular organelles from 

oxidative damage thereby confers the tolerance towards stress conditions.     
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Fig. 5.4 Modification in non-enzymatic and enzymatic antioxidants activity of 

microalgae cultivated under different municipal wastewater conditions. All the 

values are means ±S.D. ANOVA post hoc DMRT (p≤0.05) was done to check the 

significance difference between the variables. Identical letter indicates no 

significant difference with in the variables. 
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5.6.2 Enzymatic antioxidants 

The results revealed that enzymatic antioxidants like SOD, CAT and GR in 

selected microalgae showed increasing trend with municipal wastewater 

concentration. It was observed that SOD activity in C. vulgaris and S. vacuolatus was 

increased with wastewater concentration as compared to control. The results exhibited 

that SOD activity showed an increase of 1.29, 1.36, 1.29 and 1.09 folds in C. vulgaris. 

while 1.26, 1.11, 1.02 and 1.08 folds in S. vacuolatus after treatment with 25%, 50%, 

75% and 100% municipal wastewater concentration (Fig. 5.4). The increment in SOD 

activity after treatment with wastewater may be the protective mechanism to scavenge 

the superoxide radical under wastewater stress (Singh et al., 2022). Therefore, the 

increased SOD activity after wastewater treatment may be due to their direct 

involvement in the neutralization of superoxide radicals.  Furthermore, the results 

exhibited an increase of 1.06 and 3.53 folds in catalase activity in S. vacuolatus 

treated with 25% and 100% municipal wastewater. At 50% and 75% wastewater, an 

increase of 1.46 and 1.78 folds was found to be in C. vulgaris while 1.44 and 2.07 

folds in S. vacuolatus. The enhancement in catalase activity in selected microalgae 

after wastewater treatment may be due to increased production of H2O2. Ugya et 

al. (2021) also observed that increment in the catalase activity was responsible for 

H2O2 degradation and protects the cell from oxidative stress. Therefore, the increased 

activity of catalase in selected microalgae after municipal wastewater treatment may 

alleviate the generation of H2O2 in microalgae exposed to stress conditions. It was 

further observed that microalgae S. vacuolatus (15.63 folds) and C. vulgaris (11.07 

folds) showed increment in the GR activity after treatment with 100% wastewater 

concentration.  The results also exhibited an increase in GR activity at 25% (2.30 
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folds), 50% (10.40 folds) and 75% (9.76 folds) wastewater concentration in C. 

vulgaris while, an increase of 1.73, 9.97 and 13.71 folds was observed in case of S. 

vacuolatus. The increased GR activity with municipal wastewater concentration 

gradient in both selected microalgae could be attributed to different metal pollutants 

in wastewater.  Earlier, Danouche et al. (2020) also reported increased GR activity in 

heavy metal treated Scenedesmus obliqus. GR protects microalgae from damage by 

maintaining the glutathione level which alleviates the ROS accumulation and sustain 

redox balance of the cell (Couto et al., 2016; Singh et al., 2021). Thus, the enhanced 

GR activity in S. vacuolatus and C. vulgaris could be attributed to the wastewater 

induced ROS generation which was also evident from the increased TBARS and H2O2 

level in microalgae. In order to show tolerance to stress conditions, microalgae 

regulate the activity of different antioxidants to alleviate the cellular damage (Pradhan 

et al., 2020). Therefore, the increased activity of enzymatic and non-enzymatic 

antioxidants in S. vacuolatus and C. vulgaris could be a tolerance response that 

alleviate ROS accumulation, enhance metal detoxification and mitigate wastewater 

induced oxidative damage. Overall, utilizing tolerant algal species for wastewater 

remediation not only enhance the metal removal but also elevate the flexibility of 

algal based system for the treatment of municipal wastewater.  
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Chapter-6 

Algal consortia based metal detoxification of municipal 

wastewater : Implication on photosynthetic performance, 

lipid production and defense response 

6.0 Introduction 

Globally, the scarcity of freshwater is increasing and the demand for water is 

also intensifying at swift rate. Wastewater generation and treatment continuous to be 

biggest challenges for India (Schellenberg et al., 2020). In India, the 63% of the 

untreated wastewater is discharged from class 1 and class 2 cities (CPCB, 2013) and 

out of total wastewater treatment capacity (18.6%), only 13.5% is treated in efficient 

manner (CPCB, 2017c). Besides, the major part (>50%) of the country are facing 

extreme water shortage and the future prediction indicates even grimmer availability 

of water (WBSCD, 2019). Lucknow, the capital city of Uttar Pradesh generates 

363.82 MLD of wastewater with a treatment capacity of only 12% for total generated 

wastewater (Baral et al., 2020). Almost 88% of the sewage water in Lucknow is 

discharged without any proper treatment, which can be the forefront cause of the 

deteriorating health of waterbodies. 

Municipal wastewater varies in pH, nutrients, salinity, as well as metal load, 

and existing technologies fail to work efficiently under the varying wastewater 

composition. Thus, it became very important to exploit sustainable approaches for the 

management of wastewater (Leong and Cheng, 2020, Singh et al., 2020). Microalgae-

based wastewater treatment systems are environmentally secure which makes it a 

progressively alluring approach for resource recuperation in developing countries 

https://www.frontiersin.org/articles/10.3389/fenvs.2020.00030/full?&utm_source=Email_to_aut#B15
https://www.frontiersin.org/articles/10.3389/fenvs.2020.00030/full?&utm_source=Email_to_aut#B19
https://www.frontiersin.org/articles/10.3389/fenvs.2020.00030/full?&utm_source=Email_to_aut#B102
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(Upadhyay et al., 2021). Besides nitrogen and phosphorus, wastewater is abundant in 

different heavy metals which are difficult to be removed by monoalgal species. 

Metals enriched wastewater can inhibit growth, biomass production and amplify 

oxidative damage by interrupting the functioning of photosystems (Tripathi and 

Poluri, 2021). Therefore, utilizing monolagal species cannot be suitable approach to 

address different issues related to wastewater pollution. Although, extensive studies 

has been carried on microalgae but exploiting algal consortia for municipal 

wastewater treatment and lipid production is still in its infancy stage. Algal consortia 

may also enhances the flexibility of the treatment system as the decresed treatment 

efficiency due to inefficiency of one species may be balanced by other algal species 

(Renuka et al., 2013). Furthermore, algal species differes in adaptability potential, 

nutrient requirement and biochemical profile thus, each algal species can itself can 

serve as a dynamic biosystem for wastewater treatment and biomass production. 

Earlier, Ji et al., (2019) reported that consortia of Chlorella vulgaris and Bacillus 

licheniformis removed total nitrogen (88.82%) and orthophosphate (84.87%) from 

wastewater. Sharma et al., (2020) also reported that algal consortia grown in 

municipal wastewater removed different metals with a simultaneous increase in lipid 

production (31.3%). Under metal exposure, microalgae also elevates the activity 

superoxide dismutase, catalase, and glutathione reductase to offset the damage caused 

by oxidative stress (Danouche et al., 2020). Therefore, the integrated approach 

considering multiple aspects like photosynthetic performance, stress markers, and 

antioxidative responses requires extensive reasearch to screen competent consortia for 

municipal wastewater treatment and biofuel production. 

https://www.sciencedirect.com/topics/chemistry/chlorella-vulgaris
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacillus-licheniformis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacillus-licheniformis
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6.1. Results and discussion 

6.1.1 Changes in physico-chemical attributes of wastewater after treatment with 

algal consortia 

6.1.1.1 pH and electrical conductivity (EC) 

The varying composition of wastewtaer can act as the natural stress for 

microalgae. The pH of 7.6±0.233 was observed for raw wastewater (Table 6.1) and 

afer treatment with  consortia 1 and 2, the highest increase of 28.15% and 22.76% 

in pH was observed at 75% and 25% concentration of municipal wastewater. The 

results also showed an increase of 14.34% and 8.02% in pH treated with consortia 1 

and 2, respectively at 100% wastewater concentration. The results further exhibited 

that the pH of wastewater was significantly increased after treatment with algal 

consortia 1 and 2. The enhancement in pH could be ascribed to basic substances 

released after the degradation of organic compounds (Su et al., 2011). It was observed 

that EC decresed by 85.28% and 88.27% with consortia 1 and 2 treated with 25% 

concentration of municipal wastewater. The results further depicted the maximum 

decrese of 63.39%, 79.79% and 73.08% in EC was observed with algal consortia 1 

treated at 50%, 75% and 100% wastewater concentration. The noticable decline in EC 

may be due to assimilation of nutrients and dissolved salts by microalgae from 

wastewater (Singh et al., 2020). 

6.1.1.2 Total solid (TS), total suspended solids (TSS), total dissolved solids (TDS) 

 The results depicted that the highest decrease in solids was observed with 

consortia 1 and 2 grown in BG-11 media. It was observed that TSS and TS content 

was decreased by 81.76% and 81.74% with consortia 1 while  77.55% and 85.25% 
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with consortia 2 at 25% of wastewater concentration. Algal consortia 1 and 2 also 

showed the decline of 33.66% and 25.66% in TSS while the TS was declined by 

45.08% and 36.09% at 100% wastewater concentration (Table 6.1). In case of TDS, 

the algal consortia 1 showed highest reduction of 76.70%, 72.10%, and 59.53% after 

treatment with 50%, 75% and 100% municipal wastewater, respectively. The declined 

TDS of municipal wastewater may be attributed to utilization of macro and the 

micronutrients by algal consortia (Upadhyay et al., 2021). 

6.1.1.3 Biological oxygen demand (BOD) and Dissolved oxygen (DO) 

BOD and DO are important quality parameters which directly indicates about 

the contamination level of wastewater. The results depicted that initial DO level was 

nil and the level of BOD was highest at 100% concentration of municipal wastewater. 

The results further exhibited that the highest DO level was observed with consortia 1 

(5.30 mg/L) and consortia 2 (5.04 mg/L) at 25% municipal wastewater. At 75% and 

100% wastewater, the highest DO level was observed after treatment with consortia 1 

than consortia 2. The increased DO level of wastewater may be ascribed to improved 

algal growth as well as pigment biosynthesis of microalage after wastewater 

treatment. Contrary, the BOD level was decreased after treatment of different 

wastewater concentrations with consortia 1 and 2. The results further showed the 

significant decline in the BOD level (47.32 - 90.18%) of different wastewater 

concentration treated with algal consortia 2. The decline in BOD level of wastewater 

after treatment with consortia may be ascribed to organic matter degradation, nutrient 

removal and metal detoxification. Ummalyma and Sukumaran (2014) reported that 

BOD level was decreased after growing microalage in dairy effluent for 15 days.

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00678/full#B40
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Table 6.1 Percentage change in physico-chemical attributes of wastewater treated with consortia 1 and 2 

Wastewater 

Parameters 
Initial characteristics 

Wastewater 

concentrations 
Consortia-1 % change Consortia-2 % change 

pH 7.6±0.233 

Control 8.66±0.220
ab

13.94 9.70±0.015
de

27.63 

25% 9.66±0.132
d

27.10 9.33±0.152
c

22.76 

50% 9.35±0.089
c

23.02 9.18±0.026
c

20.78 

75% 9.74±0.109
de

28.15 8.73±0.075
b

14.86 

100% 8.69±0.022
ab

14.34 8.21±0.177
a

8.02 

EC (µS cm
-1

) 836±11.29 

Control 2.90±0.024
a

99.65 2.45±0.040
a

99.70 

25% 123±5.507
c

85.28 98.0±7.505
b

88.27 

50% 169±8.504
d

79.79 201±9.022
e

75.95 

75% 225±5.567
f

73.08 240±7.498
f

71.29 

100% 306±10.06
g

63.39 330±10.69
h

60.52 

TDS 588±9.12 

Control 1.19±0.013
a

99.79 2.13±0.015
a

99.63 

25% 101±3.145
c

82.82 75.0±2.000
b

87.24 

50% 137±3.141
d

76.70 152±5.516
d

74.14 

75% 164±8.532
d

72.10 188±5.507
e

68.02 

100% 239±4.472
f

59.35 247±3.055
f

57.99 

TSS 142.6±5.89 

Control 4.13±0.826
a

97.10 4.00±0.270
a

97.19 

25% 26.0±3.000
b

81.76 32±4.162
b

77.55 

50% 50.6±3.055
c

64.51 63±5.508
d

55.82 

75% 70.6±5.859
d

50.47 90±4.509
e

36.88 

100% 94.6±4.163
e

33.66 106±4.041
f

25.66 
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TS 712±5.07 

Control 5.025±1.08
a

99.29 4.95±0.270
a

99.30 

25% 130±4.670
c

81.74 105±4.160
b

85.25 

50% 182±7.310
e

74.43 165±7.370
d

76.82 

75% 346±2.610
f

51.40 326±5.130
f

54.21 

100% 391±2.08
g

45.08 455±4.160
h

36.09 

BOD 43±0.489 

Control 0.68±0.008
a

98.41 0.43±0.065
a

99.00 

25% 4.60±0.178
b

89.30 4.22±0.265
b

90.18 

50% 9.46±0.273
c

78.00 10.24±0.350
d

76.18 

75% 17.7±0.136
e

58.83 16.89±0.368
f

60.79 

100% 23.4±0.263
g

45.58 22.65±1.453
g

47.32 

DO - 

Control 6.40±0.217
e

- 6.80±0.244
f

- 

25% 5.30±0.277
d

- 5.04±0.378
d

- 

50% 3.73±0.345
c

- 3.94±0.161
c

- 

75% 1.36±0.130
b

- 0.933±0.155
b

- 

100% 0.54±0.073
a

- 0.326±0.095
a

- 

NO3
-

38.80±2.56 

Control 0.741±0.034
a

98.09 0.910±0.537
a

97.65 

25% 2.161±0.348
b

94.43 3.152±0.358
c

91.87 

50% 4.676±0.429
d

87.94 5.257±0.614
e

86.45 

75% 7.163±0.195
f

81.53 7.504±0.217
g

80.65 

100% 8.152±0.217
h

78.98 8.247±0.379
h

78.74 

PO4
-3

16.47±2.04 

Control 0.396±0.095
a

97.59 0.514±0.059
a

96.87 

25% 0.763±0.090
b

95.36 0.786±0.744
b

95.22 

50% 1.140±0.143
c

93.07 1.230±0.135c 92.53 

75% 2.010±0.126
e

87.79 1.696±0.116
d

89.70 

100% 2.606±0.202
f

84.17 2.646±0.202
f

83.93 
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Therefore, decreased BOD level of different wastewater concentration can be linked 

with the improvement in water quality parameters after growing algal consortia 1 and 

2 in municipal wastewater. 

6.1.1.4 Nitrogen and phosphorus 

Nutrients plays vital role in proper cell functioning, metabolic processes, and 

cell cycle (Upadhyay et al. 2021). The results depicted that the highest decrease of 

94.43%, 87.94%, 81.53%, and 78.98%  in nitrogen content was observed with 

consortia 1 treated with 25%, 50%, 75% and 100% concentration of wastewater, 

respectively. In case of consortia 2, the nitrate nitrogen was decreased by 91.87%, 

86.45%, 80.65% and 78.74% after treatment with different concentration of municipal 

wastewater. Earlier, Choudhary et al. (2016) reported microlage grown in rural 

wastewater progressively decreased the nitrate level (70%) below the discharge 

standards. Thus, the tremendrous nitrogen removal efficiency observed in case of 

consortia 1 could be due to its significant role in growth promotion, biomolecule 

synthesis and eventually biomass production. It was also observed that phosphorus 

content was decreased with consortia 1 (95.36%) and consortia 2 (95.22%) at 25% 

wastewater concentration. At 100% wastewater concentration, the decline of 84.17% 

and 83.93% in phosphorus content was found to be with consortia 1 and 2, 

respectively. Furthermore, the results also showed that the highest phosphorus 

removal of 93.07% and 89.70% in case of consortia 1 and 2 treated with 75% 

wastewater while 93.07% and 92.53% at 50% of municipal wastewater concentration. 

Sharma et al., (2020) observed that consortia of microalage recovered >80% of 

nutrients after treatment with different wastewater concentrations. The excellent 

removal of nutrients from municipal wastewater could be ascribed to their 
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involvement in growth, photosynthetic process, energy conversion, lipid and biomass 

synthesis (Singh et al., 2020; Singh et al., 2021). Furthermore, the incresed pH after 

treatment of different wastewater concentration with algal consortia may enhance 

removal efficiency by precipitation of phosphorus. 

6.1.1.5 Heavy metals 

Discharge of heavy metals can perturb the quality of environment which can 

have severe affects on humans (Singh et al., 2020). Essential metals (Fe, Zn, Cu, Ni) 

have an important role in cell metabolism while non essential metals (Pb, As, Cd, Cr) 

are toxic with no role inside the cell. The concentration of heavy metals in wastewater 

was in the order of Fe (1415.35 µg/L), Ni (12.47 µg/L), Zn (9.72 µg/L), Pb (8.72 

µg/L), Cu (6.28 µg/L), Cr (4.32 µg/L), Cd (4.30 µg/L), and As (0.65 µg/L) 

respectively. The results showed that the removal efficiency of  >85% was observed 

for Fe, Pb, Cr, Cd, Cu, and As while >50% for Fe, Pb, Cd, Cu, Ni, and Zn with 

selected consortia at 25% and 100% of wastewater concentration, respectively. The 

results showed the maximum reduction efficiency with consortia 1 for Fe (93.05%), 

Cr (91.88%), Pb (86.69%), and As (88.91%) at 25% wastewater concentration while 

the lowest was observed in case of consortia 2 for Cd (51.25%), As (54.08%), Pb 

(55.35%), Cr (61.10%), and Ni (70.71%) at 100% wastewater concentration. 

Consortia 1 also showed the highest removal efficiency of 87.98%, 84.19%, 83.79%, 

and 78.99% for Cr, Fe, Ni and Cd at 50% concentration of municipal wastewater. At 

75% wastewater concentration, the maximum removal efficiency of  82.59%, 82.37%, 

82.36%, 77.97%, 74.91% and 71.85% was found for  Zn, Cu, Cr, Ni, Pb and Cd with 

consortia 1 while 76.79%  and 73.46% for Fe and As with algal consortia 2 (Fig. 6.1). 
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Fig. 6.1 Heavy metal removal efficiency of microalgae consortia treated with 

different concentrations of municipal wastewater 

The maximum removal of heavy metals after treatment with municipal 

wastewater could be due to bio-adsorption and bio-accumulation which are mainly 

adopted by microalgae for remediation of contaminated wastewater (Sharma et al., 

2020; Singh et al., 2020). Moreover, the excellent removal efficiency of algal 

consortia may be due to presence of different functional groups like  monomeric 
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alcohols, hydroxyl and carboxyl groups in algal biomass. Furthermore, 

immobilization, chelate formation, stimulation of antioxidant system, and gene 

expression could also be mechanisms adopted by microalage against heavy metal 

(Leong and Chang, 2020; Singh et al., 2021). Therefore, the wastewater after 

treatment though microalgae can certainly overcome eutrophication, algal bloom 

formation and also protect the recipient ecosystem from further deterioration. 

6.2. Effect of different wastewater concentrations on algal consortia 

6.2.1 Growth and biomass productivity 

Growth is an important indicator of toxicity and informs about the functioning 

of microalgae. The growth  of algal consortia 1 and 2 was recorded and the 

continuous increase in growth rate was observed upto 20 days in both consortia grown 

in BG-11 media. The results depicted that algal consortia 1 and 2 treated with 25% 

municipal wastewater started fading after 12
th

-14
th

 days. The discoloration and

subsequent decline in the growth could be attributed to deficiency of nutrients after 

treatment of consortia 1 and 2 with 25% wastewater concentration.  The results 

further showed the  superior  growth  of  consortia  1 and 2 treated  with wastewater 

concentration of 100% than control (Fig. 6.2). Similarly, the specific growth rate of 

both algal consortia was also observed highest at 100% wastewater and the lowest at 

25% concentration of municipal wastewater (Table 6.2). The sufficient supply of 

essential nutrients is neccesay for the proper growth of microalgae (Prajapati et al., 

2013). Upadhyay et al., (2021) also observed the increment in the specific growth rate 

of algal consortia after treatment with municipal wastewater. The highest growth rate 

of consortia 1 and 2 could be attributed to either nutrient sufficiency or increased 

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00678/full#B33
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00678/full#B33
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tolerance by increment in activity of antioxidative compounds in algal consortia after 

treatment with 100% wastewater (Upadhyay et al., 2021; Singh et al., 2021). 

Fig. 6.2 Growth pattern of selected consortia 1 and 2 treated with different 

concentrations of wastewater 
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The results also showed that biomass production was highest in selected consortia 1 

and 2 at 100% as compared to 25%, 50% and 75% of wastewater concentration. 

Similarly, highest biomass productivity was found in wastewater (100%) treated algal 

consortia than control. It was also observed that biomass productivity of 374 mg/L/d 

was observed in case of consortia 1 than consortia 2 (134 mg/L/d) (Table 6.2). The 

increased biomass productivity in wastewater treated algal consortia may be attributed 

to sufficient nutrient load and enhancement in the synthesis of intracellular 

biomolecules. Upadhyay et al. (2021) reported that the increment in biomass synthesis 

could be due to enhancement in cell proliferation of microalgae after wastewater 

treatment. Furthermore, the maximum  biomass production and productivity in treated 

consortia reflected that undiluted municipal wastewater could be exploited to enhance 

the biomass production of microalgae. 

Table 6.2 Variation in growth rate and biomass production of selected consortia 

treated with different wastewater concentrations collected from Lucknow 

Wastewater 

concentration 

Specific growth 

rate (day
-1

)

Biomass 

Production (mg/L) 

Biomass 

Productivit

y (mg/L/

day) Consortia  1 

Control 0.0384±0.004
c

2610±18.22
g

261±5.05
g

25% WW 0.0174±0.001
b

830±9.45
b

83±1.89
b

50% WW 0.039±0.005
c

1110±9.12
c

111±1.79
c

75% WW 0.0485±0.007
e

1240±11.12
d

124±1.95
d

100% WW 0.0405±0.005
d

3740±25.45
h

374±5.42
h

Consortia 2 

Control 0.0347±0.002
c

1610±12.14
e

161±2.56
e

25% WW 0.0161±0.002
ab

780±8.34
a

78±1.72
a

50% WW 0.0124±0.003
a

1050±7.56
c

105±1.79
c

75% WW 0.0421±0.006
d

2090±14.32
f

209±2.85
f

100% WW 0.0420±0.008
d

1340±15.15
d

134±2.09
d
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6.2.2 Chlorophyll content 

The results exhibited that consortia 1 and 2 showed maximum increase of 2.16 and 

1.40 folds in total chlorophyll content at 100% concentration of wastewater. It was 

also observed that chlorophyll content was increased by 1.16, 1.33 and 1.38 folds in 

consortia 1 at 25%, 50% and 75% wastewater concentration, respectively. In case of 

consortia 2, an increase of 1.05 and 1.00 folds in chlorophyll content was observed at 

50% and 75% wastewater concentration, respectively (Table 6.3). Earlier, Sharma et 

al. (2020) reported that 75% wastewater concentration was optimum to elevate the 

chlorophyll content in algal consortia. However, in this study, the increment in 

chlorophyll content in consortia 1 and 2 was also observed after treatment with 100% 

wastewater in comparison to their respective control. The enhancement in total 

chlorophyll content with municipal wastewater could be ascribed to the utilization of 

wastewater components as raw material for photosynthesis (Sutherland et al., 2015). 

Further, the results depicted an increase of 1.46 and 2.22 folds in carotenoids content 

in consortia 1 while, consortia 2 showed an increase of 2.11 and 2.22 folds at 75% 

and 100% municipal wastewater concentration, respectively. The results further 

showed the highest increment of 1.88 and 2.66 folds in carotenoid content in case of 

consortia 2 while, it was increased by 1.26 and 1.41 folds in consortia 1 treated with 

25% and 50% of wastewater concentration, respectively (Table 6.3). The increment in 

the carotenoid content after treatment of algal consortia with wastewater may asssit in 

light harvesting as well as seuqestration of ROS in the cell (Singh et al., 2019; Singh 

et al., 2021). Therefore, increased carotenoids synthesis may mitigate the oxidative 

damage caused by stress condition like varying pH, salinity, nutrients, and metals  

after cultivation of microalgae in wastewater. 
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  Table 6.3 Effect of wastewater concentrations on biochemical parameters and oxidative stress markers of microalgae consortia 1 and 2 

WW 

Concentrations 

Total 

chlorophyll 

(mg g
-1 

fw)

Carotenoids 

(mg g
-1 

fw)

Protein 

(mg g
-1 

fw)

Carbohydrate 

(mg L
-1

)

Lipid 

(mg L
-1

)

TBARS  

(mmol g
-1

 fw)

H2O2

(μmol g
-1

 fw)

Consortia 1 

Control 0.018±0.002
a

0.015±0.006
b

0.019±0.0001
ab

10.22±0.195
a

0.045±0.002
a

2.04±0.166
ab

1.29±0.251
c

25% 0.021±0.004
ab

0.019±0.002
bc

0.013±0.0003
a

15.63±0.317
b

0.204±0.059
c

2.47±0.179
b

3.85±0.107
e

50% 0.024±0.004
ab

0.021±0.003
c

0.043±0.0006
c

24.93±0.247
c

0.471±0.050
e

2.25±0.333
ab

0.736±0.172
ab

75% 0.025±0.003
ab

0.022±0.004
c

0.069±0.0004
d

17.00±0.448
b

0.366±0.062
d

2.36±0.445
abc

0.241±0.029
a

100% 0.039±0.008
d

0.033±0.008
e

0.088±0.0008
e

26.93±0.331
e

0.216±0.001
c

2.79±0.166
bc

2.53±0.047
d

Consortia 2 

Control 0.020±0.002
ab

0.009±0.001
a

0.020±0.0002
b

29.54±0.092
f

0.113±0.003
b

1.72±0.116
a

0.225±0.025
a

25% 0.018±0.001
a

0.017±0.002
b

0.012±0.0001
a

16.96±0.130
b

0.137±0.002
b

3.44±0.166
cd

1.09±0.063
c

50% 0.021±0.004
ab

0.024±0.002
cd

0.023±0.0001
b

21.26±0.302
d

0.081±0.006
a

3.01±0.881
c

0.30±0.106
a

75% 0.020±0.006
ab

0.019±0.004
bc

0.048±0.0007
c

46.75±0.130
g

0.279±0.084
c

4.08±0.726
e

0.130±0.050
a

100% 0.028±0.005
bc

0.020±0.006
c

0.041±0.0004
c

18.79±0.458
b

0.037±0.001
a

5.05±0.999
f

4.07±0.045
f
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6.2.3 Chlorophyll fluorescence 

Chlorophyll fluorescence is a fast method to examine the effect of municipal 

wastewater on photosystems. The OJIP curve was used to examine the photosynthetic 

performance and electron transport in consortia 1 and 2 treated with different 

concentrations of municipal wastewater. It was observed that Fv/Fm and Fv/Fo ratio 

in consortia 1 and 2 was increased by 1.13-1.57 folds at 100% concentration of 

wastewater in comparison to respective control. The results also exhibited that Fv/Fo 

was increased at 25% (1.40 folds) 50% (1.50 folds) and 75% (1.30 folds) wastewater 

treatment to consortia 1 while, in case of consortia 2, an increase of 1.70, 1.21 and 

1.30 folds was observed at 25%, 75% and 100% of wastewater concentration 

respectively, than control. The results further exhibited that Fv/Fm ratio showed 

maximum increase in consortia 1 (1.20 folds) and consortia 2 (1.26 folds) after 

treatment with 100% concentration of municipal wastewater.  Further, consortia 1 

also showed an increase 1.16, 1.19, 1.01 and 1.20 folds in Fv/Fm after treatment with 

different concentration of municipal wastewater. It was also observed that Fv/Fm was 

increased in consortia 2 treated with 75% (1.10 folds) and 100% (1.13 folds) 

concentration of wastewater (Table 6.4). The increased Fv/Fo and Fv/Fm ratio 

reflected improvement in photosystem-II activity in wastewater treated algal consortia 

1 and 2 than control. Mo value reflects the slope of the induction curve and the results 

revealed that Mo value increased with wastewater concentration which represents the 

increase in the reduced QA as compared to oxidized QA. The results revealed that Mo 

value was increased in consortia 1 (1.45 folds) and consortia 2 (1.44 folds) treated 

with 50% municipal wastewater. Further, an increase of 1.39 and 1.26 folds was 

observed in case of consortia 1 and 2 treated with 75% municipal wastewater. The 
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increased Mo in consortia 1 and 2 could be attributed to interference in the 

functioning of PS-II. The results showed that Mo value was decreased significantly in 

consortia 1 and 2 treated with 25% and 100% municipal wastewater. Furthermore, the 

lowest Mo value at 100% wastewater than control represents low toxicity which 

might be due to efficient utilization of nutrient and strong defense responses against 

wastewater (Subhadra, 2011). The results depicted that Piabs value was increased in 

consortia 1 (2.35 folds) and consortia 2 (1.14 folds) at 25% wastewater concentration 

while, an increase of 1.48 and 1.19 folds was observed in case of consortia 1 and 2 

treated with 100% and 75% municipal wastewater, respectively. It was also observed 

that Piabs value was increased in algal consortia 1 (1.01 folds) and consortia 2 (1.75 

folds) treated with 50% municipal wastewater. The increased Piabs value in algal 

consortia 1 and 2 reflected increased cell vitality and photosynthetic efficiency (Singh 

et al., 2019) which eventually indicated that municipal wastewater could be utilized as 

the growth media with minimum impact on cellular processes. The results also 

showed that ABS/RC, TRo/RC, and ETo/RC ratio was decreased with municipal 

wastewater in consortia 1 and 2 as compared to control. The decreased ratio may be 

attributed to increased number of active reaction centres (Strasser et al., 2004) 

reflecting proper excitation of electron and photophosphorylation which might be 

responsible for increased growth and biomass production of algal consortia. The 

increased reaction centres with wastewater concentration promote the transport of 

electron, QA reduction and also indicates the high photosynthetic capacity of consortia 

(Markou et al., 2017). Furthermore, the increased value of Fv/Fm, Fv/Fo and PiAbs 

substantiate that municipal wastewater improved the photosynthetic performance of 

algal consortia 1 and 2. 
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          Table 6.4 Effect of different wastewater concentrations on chlorophyll fluorescence of microalgae consortia 1 and 2 

Wastewater  

concentration 

Fv/F0 Fv/Fm Mo Pi abs ABS/RC TRo/RC ETo/RC 

Consortia-1 

Control 1.037±0.038
bc

0.509±0.012
b

0.204±0.013
b

2.033±0.039
c

1.869±0.063
g

0.952±0.025
d

0.748±0.025
c

25% 1.462±0.050
cd

0.594±0.020
b

0.142±0.009
a

4.797±0.071
gh

1.099±0.042
a

0.652±0.012
a

0.832±0.029
d

50% 1.563±0.073
e

0.610±0.022
c

0.297±0.014
c

2.064±0.062
c

1.364±0.047
c

0.832±0.018
b

0.535±0.015
b

75% 1.080±0.042
bc

0.519±0.013
b

0.284±0.019
c

1.336±0.059
b

1.691±0.053
ef

0.878±0.020
bc

0.594±0.013
bc

100% 1.569±0.055
e

0.611±0.025
c

0.221±0.016
bc

3.023±0.089
de

1.196±0.041
abc

0.731±0.016
ab

0.510±0.009
b

Consortia-2 

Control 0.958±0.025
b

0.489±0.018
a

0.249±0.015
bc

1.371±0.48
b

1.858±0.039
g

0.909±0.031
bc

0.661±0.012
bc

25% 1.634±0.036
ef

0.620±0.029
c

0.255±0.016
bc

2.943±0.061
d

1.575±0.032
cd

0.977±0.037
d

0.722±0.016
c

50% 0.699±0.021
a

0.412±0.015
a

0.361±0.025
e

0.506±0.015
a

2.403±0.074
h

0.989±0.038
d

0.628±0.023
bc

75% 1.167±0.043
bcd

0.539±0.024
b

0.316±0.023
d

1.273±0.040
b

1.637±0.033
cd

0.882±0.027
b

0.565±0.020
b

100% 1.254±0.040
bcd

0.556±0.017
b

0.195±0.013
b

2.475±0.046
cd

1.138±0.036
ab

0.633±0.017
a

0.438±0.017
b
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Overall, the results depicted that different concentrations of municipal wastewater 

sustained the proper electron transport and PS- II activity thus can be used as a 

nutrient-enriched resource for biomass production. 

6.3  Effect of municipal wastewater on different biochemical parameters of 

consortia 

6.3.1 Protein content 

Protein, carbohydrate, and lipid are important cell constituents and their 

content in the cell is a very important determinant of growth conditions (Singh et al., 

2019). It was observed that protein content declined significantly after treatment with 

25% wastewater concentration in consortia 1 and 2 as compared to control. The 

decline in protein content may be due to decreased availability of essential nutrient in 

growth media after exponential phase of cell cycle. The results also depicted that 

protein content was increased in consortia 1 (2.26 folds) and consortia 2 (1.15 folds) 

treated with 50% concentration of municipal wastewater. Further, the results depicted 

that protein content was highest in consortia 1 (0.088±0.0008 mg g
-1 

fw) and

consortia 2 (0.048±0.0007 mg g
-1 

fw) after treatment with 100% and 75%

wastewater concentration (Table 6.3). Sharma et al., (2020) also reported the 

increment in protein content in different consortia upto 75% wastewater while 

declining trend was observed at 100% wastewater concentration. The increased 

protein content after wastewater treatment (100%) may be ascribed to synthesis of 

stress protein which enhance tolerance towards stress conditions (Choudhary et al., 

2007). Moreover, the sufficient nutrients level in the municipal wastewater may 

elevate the synthesis of proteins in algal consortia 1 and 2. 
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6.3.2 Carbohydrate content 

The results depicted  that carbohydrate content in algal consortia 1 was 

increased by 1.52, 2.43 and 2.63 folds at 25%, 50% and 100% municipal wastewater 

concentration  than control. In case of consortia 2, the results showed the increase in 

carbohydrate content at 75% wastewater concentration while the significant decline 

was observed at 25%, 50%, and 100% wastewater in comparison to control. The 

decline in carbohydrate synthesis may be ascribed to the use of carbohydrate and 

chlorophyll as nutrient sources under nutrient-scarce growth conditions. However, the 

increment in carbohydrate synthesis in wastewater treated consortia 1 could be 

attributed to modifications in photosynthetic machinery, enhancement in cell division, 

and synthesis of proteins and osmoprotectants (Sun et al., 2014). Overall, the results 

showed that carbohydrate content was also found highest in consortia 1 treated with 

100% wastewater which indicates that municipal  wastewater can be used as source of 

nutrients for algal consortia without supplementation of additional nutrients in the 

growth media. Additionally, carbohydrates and protein are vital indicators of algal 

growth (Singh et al., 2018) and also play an instrumental role in maintaining osmotic 

balance, carbon partitioning, and photosynthesis in microalgae (Rosa et al., 2009). 

6.3.3 Lipid content 

Microalgae stimulate lipid accumulation by storing the photo-assimilates in 

the form of lipid which ensure their survival under stress conditions. It was observed 

that lipid content in algal consortia 1 was increased by 4.52 and 10.46 folds after 

treatment with 25% and 50% municipal wastewater in comparison to control. The 

enhancement in the lipid accumulation could be attributed to nutrient limited 

condition created by dilution of wastewater which shifted the metabolic pathways 
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towards lipid accumulation. The increased lipid accumulation in nutrient-deficient 

conditions has also been reported by Rai et al., (2017). It was also observed that lipid 

accumulation in algal consortia 1 was increased by 8.13 and 4.80 folds at 75% and 

100% municipal wastewater, respectively. In case of the algal consortia 2, the 

maximum increase of 1.21 and 2.46 folds  in lipid content was found to be at 25% and 

75% wastewater concentration, respectively. Further, the results exhibited that lipid 

content was found to be highest in wastewater treated consortia 1 than consortia 2. 

The higher accumulation of lipid in algal consortia treated with different 

concentrations of municipal wastewater may be attributed to nutrient imbalance, 

nitrogen and phosphorus deficiency, salinity, and heavy metals. Such stress conditions 

may modify metabolic pathways and divert the photosynthetically fixed carbon into 

storage molecules which leads to accumulation of lipids in algal consortia. Overall, 

the results depicted that algal consortia 1 and 2 showed considerable variation in the 

accumulation of lipid after treatment with different concentrations of municipal 

wastewater. Furthermore, lipid accumulation potential varies with algal species as 

different mechanisms are responsible for directing carbon from carbohydrate 

synthesis towards lipid accumulation (Hounslow et al., 2021). Therefore, the 

enhancement in lipid accumulation in algal consortia treated with different 

concentrations of municipal wastewater may be attributed to the cumulative effect of 

different stress factors imposed by wastewater and operating conditions. 

6.4  FTIR spectroscopy 

FTIR spectroscopy was used to examine the effect of municipal wastewater on 

the composition of algal consortia. The results revealed that the wastewater treated 

algal consortia showed higher peak height between 3600-3300 cm
−1

, 3000-2800 cm
−1

,

https://www.frontiersin.org/articles/10.3389/fmicb.2016.00546/full#B100
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1750-1400 cm
−1

, and 1200-900 cm
−1

 as compared to the control (Fig. 6.3). The

absorption peak between 3600-3300 cm
−1

 could be due to hydroxyl groups in treated

consortia 1 and 2. The presence of hydroxyl groups might be responsible for the 

sorption of metals to the cell surface (Ajayan et al., 2015). The absorption peaks in the 

region between 1200-900 cm
−1

 exhibited the presence of carbohydrates (Singh et al.,

2021; Upadhyay et al., 2021), and the sharp peaks at 100% municipal wastewater 

reflected enhancement in carbohydrate accumulation in the treated consortia 1 and 2. 

It was observed that the spectral peaks of treated consortia showed major variation 

between 1700-1000 cm
−1

 which depicts stretching of C=O, bending vibration of C-H,

and rocking vibration of CH2 bonds of different functional groups (Singh et al., 2021). 

The spectral region between 3000-2800 cm
−1

 represents stretching of C-H groups of

CH2 while a sharp peak in the region between 1700-1500 cm
−1

 exhibited stretching of

C=O groups which indicate the presence of carbonyl functional group in the biomass 

(Ajayan et al., 2015). Furthermore, two regions of FTIR spectra are commonly used 

for the assessment of lipid content (Laurens and Wolfrum, 2011) i.e the methyl and 

methylene groups (2800– 3000 cm
−1

) and the vibrational stretching of ester bonds

(1740 cm
-1

). FTIR spectroscopy depicted that only consortia 1 showed a peak

between 1750-1740 cm
−1

 which is a direct indicator of the neutral lipid accumulation.

Moreover, the appearance of higher spectral peaks between 3000-2800 cm
−1

 in

consortia treated with 100% wastewater as compared to control may be responsible 

for symmetrical stretching of CH3 groups of lipids (Forfang et al., 2017; Singh et al., 

2021). Furthermore, the FTIR spectra revealed that the lipid accumulation potential of 

treated consortia 1 and 2 was higher as compared to that of their respective control. 

Therefore, the increment in neutral lipid accumulation at 100% of municipal 
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wastewater concentration may eventually increase the biofuel production potential of 

consortia 1. The enhancement in lipid accumulation suggested that utilizing municipal 

wastewater can be the feasible approach to improve the production of biofuel in eco-

friendly manner. Overall, FTIR spectra reflected that lipid, proteins and carbohydrates 

were in abundant amounts in wastewater treated consortia 1 and 2 than control. Thus, 

the dominance of macromolecules in consortia further reflected the presence of 

several functional groups in algal biomass which may help in adsorption of different 

heavy metals from municipal wastewater. The results were in agreement with Laurens 

and Wolfrum, (2011); Singh et al., (2021). 

Fig.6.3 Comparison of FTIR spectra of consortia 1 and 2 treated with BG-11 and 
municipal wastewater (100%) 

Consortia-2 Control 

100% WW 

Consortia-1Control 

100% WW 
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6.5 Oxidative stress markers 

TBARS are the indicators of cellular toxicity induced by temperature, light, 

salinity, and toxic pollutants. The results revelaed that that TBARS content in 

consortia 1 was increased by 1.21, 1.10, 1.15 and 1.36 folds while in case of consortia 

2, it was increased by 2.00, 1.75, 2.37 and 2.93 folds after treatment with 25%, 50%, 

75% and 100% of municipal wastewater in comparison to their respective control 

(Table 6.3). The lowest TBARS content in algal consortia 1 treated with municipal 

wastewater might be attributed to efficient tolerance, cellular modifications and 

enhanced antioxidants activity that mitigated the oxidative damage posed by ROS. It 

was also observed that H2O2 content was increased by 2.98 and 1.96 folds in consortia 

1 while, an increase of 4.84 and 18.08 folds was observed in case of consortia 2 after 

treatment with 25% and 100% wastewater concentration. The enhancement in 

oxidative stress markers like TBARS and H2O2 could be attributed to stress imposed 

by different wastewater concentrations. The highest increase of TBARS content in 

consortia 2 could be ascribed to structural and functional alteration caused by metal 

pollutants with wastewater concentration gradient. The increased TBARS content at 

higher wastewater concentration indicates the presence of stress conditions which 

initiated lipid peroxidation in selected algal consortia. Similarly, the H2O2 content was 

also amplified with the level of stress and vice versa. Algal consortia 1 and 2 treated 

with municipal wastewater showed significant increment in H2O2 content in 

comparison to control. The increased H2O2 content in consortia 2 treated with 

municipal wastewater may be attributed to enhancement in ROS generation due to 

binding of metals and thiol groups which eventually damage cell memebrane and 

disturbs the redox status of the cell (Leong and Chang, 2020; Singh et al., 2021). 
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Sharma et al. (2020) also reported the increment in oxidative stress markers in 

Scenedesmus obliquus after treatment with heavy metals. Therefore, less 

accumulation of oxidative stress markers in algal consortia 1 reflected remarkable 

tolerance potential to adapt under different wastewater concentrations. 

 6.6 Wastewater induced non-enzymatic and enzymatic antioxidants activity 

in consortia 

Antioxidants ensure survival, promote growth and maintain homeostasis 

under different stresful environment. It was observed that consortia 1 showed an 

increase of 1.00 and 1.02 folds in ascorbic acid content at 75% and 100% wastewater 

concentration. The results further revealed that ascorbic acid content in algal consortia 

2 was declined significantly at different concentration of municipal wastewater as 

compared to control (Fig. 6.4). Ascorbic acid is highly abundant and a water-soluble 

antioxidant, which besides positively influencing various aspects in the cell also acts 

as an enigmatic component of defense armory (Anjum et al., 2014; Singh et al., 

2021). Under adverse conditions, ascorbic acid also maintains the balance of ROS and 

ensures protection by regulating the activity of the metal-containing enzymes in the 

cell (Leong and Chang, 2020). Therefore, the increased ascorbic acid content could be 

the mechanism for scavenging of ROS thereby protects cellular components from 

oxidative damage. The results further depicted that proline content was increased by 

1.33 and 1.06 folds in consortia 1 and 2, respectively at 100% wastewater 

concentration (Fig. 6.4). It was also observed that the proline content was increased 

by 1.06 and 1.11 folds in consortia 1 treated with 25% and 75% of wastewater 

concentration. 
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Fig. 6.4 Effect of different municipal wastewater concentrations on non-
enzymatic (ascorbic acid, proline, cysteine) and enzymatic antioxidant 
(superoxide dismutase, catalase and glutathione reductase) system of microalgae 
consortia 1 and 2 

In case of consortia 2, an increase of 1.01 and 1.01 folds was observed at 50% and 

75% wastewater concentration respectively. The increment of proline content may be 

ascribed to the presence of different heavy metals which may leads to accumulation of 
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proline in algal consortia 1 and 2 after wastewater treatment (100%). Proline protects 

microalgae from damage by forming complexes with metals; scavenges free radicals, 

helps in osmoregulation, and enzyme protection (Gupta et al., 2017). Thus, increased 

proline accumulation may maintain cell homeostasis and protect cellular components 

from oxidative damage under different wastewater concentrations. Further, the results 

revealed that cysteine content was increased by 1.97, 2.15, 2.32 and 2.44 folds in 

consortia 1 treated with municipal wastewater while, in case of consortia 2, an 

increase of 1.84, 1.55, 1.87 and 1.86 folds was observed at 25%, 50%, 75% and 100% 

concentration of municipal wastewater respectively, as compared to control. The 

increased cysteine content in algal consortia 1 and 2 treated with different 

concentration of municipal wastewater may be attributed to their active involvement 

in metal sequestration and stress mitigation. Besides, cysteine also serves as the 

precursor of metal chelating proteins that can further assist in the reduction of ROS 

(Leong and Chang, 2020; Singh et al., 2021). Metal-binding proteins like 

metallothioneins has been observed as the celluar mechanism in microalage 

Scenedesmus vacuolatus and Tetraselmis suecica for detoxification of metals (Le 

Faucheur et al., 2005).  Furthermore, phytochelatins could be also synthesized by 

microalgae as a response to alleviate cellular metal concentration (Leong and Chang, 

2020). Overall, the increased activity of non-enzymatic antioxidants may be a 

tolerance mechanism adopted by algal consortia 1 and 2 to sequester metals and 

decrease their concentration from the cell. 

Superoxide dismutase (SOD), ubiquitous in aerobic organisms is very prone to 

oxidative stress. The results showed an increase of 1.64 and 1.42 folds in SOD 

activity in consortia 1 and 2 at 100% wastewater concentration. while at 50%, it was 
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increased by 4.14 and 1.56 folds in consortia 1 and 2 respectively, as compared to 

respective control. It was also observed that SOD activity increased by 2.27, 4.14 and 

3.56 folds in consortia 1 while 1.34, 1.56 and 1.57 folds in consortia 2 treated with 

25%, 50% and 75% concentration of municipal wastewater. The results also depicted 

an increase in the catalase activity in consortia 1 (1.07 folds) and consortia 2 (1.00 

folds) treated with 100% municipal wastewater. Further, it was observed that catalase 

activity increased by 1.11, 1.13 and 1.00 folds in consortia 1 while, an increase of 

1.13, 1.11, and 1.43 folds was observed in case of consortia 2 after treatment with 

25%, 50% and 75% concentration of municipal wastewater, respectively in 

comparison to their respective control. Both SOD and CAT are considered as the first 

and second line of defense, respectively (Leong and Chang, 2020). Increased SOD 

activity with wastewater concentration might be ascribed to heavy metals-induced 

oxidative stress which leads to the generation of superoxides in microalgae 

(Danouche et al., 2020; Singh et al., 2021). SOD neutralizes superoxide and 

consequently protects the cellular structure from further oxidative damage. Danouche 

et al., (2020) reported that the activity of SOD in microalgae increased with the dose 

of heavy metals in the growth media. Thus, the significant increase in the activity of 

SOD in consortia 1 may be attributed to increased heavy metal exposure with the 

wastewater concentration gradient. Among different ROS, H2O2 can cause severe 

toxicity to macromolecules. CAT sequesters H2O2 and ensures the survival of 

microalgae under a stressful environment (Leong and Chang, 2020; Singh et al., 

2021). Thus, enhanced production of SOD and catalase may be the main reason for 

decreased TBARS and H2O2 in consortia 1 as compared to consortia 2. Therefore, 

elevated level of SOD and catalase, particularly in consortia 1 along a wastewater 
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concentration gradient indicates the protective role of these enzymatic antioxidants 

under stress condition. The results further showed that the glutathione reductase (GR) 

activity enhanced by 1.04, 1.06, 1.05 folds in consortia 1 at 50%, 75% and 100% 

while a significant decline was observed in consortia 2 at different wastewater 

concentrations as compared to control. The declined GR activity at 100% might be 

due to interference in ROS generation and sequestration. The enhancement in GR 

activity with wastewater concentration in consortia 1 can be due to their active 

involvement in synthesis of metal-chelating proteins thus, GR may augment the metal 

removal from different wastewater concentrations. Previously, increased GR activity 

has also been observed in Chlorella vulgaris exposed to heavy metals such as Pb 

(Danouche et al., 2020). Consequently, GR prevents damage to cellular constituents 

by sustaining the balance of reduced glutathione as well as the sulfur-containing 

compound in the cell (Yousuf et al., 2012; Singh et al., 2021). Furthermore, GR 

performs multiple functions by increasing the growth, development, and metabolize 

ROS and its products from the cell (Aoyama and Nakaki, 2015). Thus, the increased 

activities of enzymatic and non-enzymatic antioxidants may enhance metal 

detoxification potential, improve tolerance, adaptability and ensure survival by 

repairing the damage caused by different metals in wastewater. Therefore, in order to 

amplify the sustainable treatment of wastewater, the microalgae possessing competent 

defense responses should be exploited for remediation of different wastewater. 



Chapter   7
Algal consortia as the flexible bio-
system for wastewater treatment: 

effect of different light intensities on 
photosynthetic performance, anti-

oxidative system and biodiesel 
production



Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022        145 

CHAPTER-7 

Algal consortia as the flexible bio-system for wastewater 

treatment: effect of different light intensities on 

photosynthetic performance, anti-oxidative system and 

biodiesel production 

7.0 INTRODUCTION 

The start of 21
ist

 century has shifted the world towards speedy industrialization

and brisk urbanization that leads to crisis of freshwater, energy and clean environment 

(Khan et al., 2019). Rapid water quality deterioration and the dearth of freshwater (for 

human use owing to improper management of water in current scenario is the major 

apprehension for the global community (Abinandan and Shanthakumar, 2015). In 

India, majority of the treatment facilities for wastewater treatment is deployed in 

urban areas representing 31% of total population and still enormous wastewater is 

discharged without necessary treatment into the aquatic environment (Choudhary et 

al., 2016). Wastewater discharged prior to requisite treatment causes eutrophication, 

acidification and rapid accumulation of toxic pollutants in the freshwater reservoir 

(Singh et al., 2020). Several treatment facilities like coagulation, photodegradation, 

reverse osmosis and ozonation have been employed but due to energy and cost 

intensive nature, such techniques cannot be universally employed for the treatment of 

wastewater (Bolisetty et al., 2019). Bioremediation using living organisms is gaining 

huge impetus (Han et al., 2022) as such techniques can resolve multiple problems 

from nutrient recuperation to pollutants detoxification in economical and eco-friendly 

manner (Singh et al., 2021). Because of high photosynthetic rate and unique 
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capability to withstand environmental perturbation, microalgae seem suitable 

organism for the wastewater treatment (Singh et al., 2021). In order to enhance the 

remediation potential and lipid production, several techniques in the form of changing 

light intensity, temperature, and nutrients have been adopted but the studies are still 

lacking in response to microalgae consortia. Wide scale wastewater treatment and 

biomass production has been limited by light intensity however, understanding the 

light dependent activity of microalgae is of profound importance in designing the 

treatment system, performance prediction and suitable conditions for cultivation of 

microalgae.  

Light is an important environmental factor necessary for growth, biomolecules 

synthesis, metabolic pathways and photosynthesis in microalgae (He et al., 2015). The 

supply of sufficient light during cultivation of microalgae in wastewater not only 

influences the remediation efficiency (Iasimone et al., 2018) but also the growth and 

biomass production (Mata et al., 2012). Previously, it has been observed that 

Scenedesmus sp. showed increase in biomass productivity (255 to 452 mg L
−1

 d
−1

)

after increasing intensity of light from 50-250 μmol m
− 2

 s
− 1

 (Liu et al., 2012).

Cheirsilp et al., (2012) further reported that increasing light intensity during 

cultivation of Chlorella sp. and Nannochloropsis sp. enhanced the lipid production by 

two times and composition of lipid was suitable for biofuel production. Light also 

changes the fatty acid composition that could improve biofuel quality extracted from 

microalgae (Nzayisenga et al., 2020). Therefore, altering light intensity can acts as the 

major factors which may be responsible for modifying the metabolic pathways for 

enhanced accumulation of key metabolites in the cell. Since, studies related to 

utilization of microalgae consortia for wastewater treatment under different light 
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intensities are very limited; thus, this study was conducted to examine the effect of 

light intensities on remediation efficiency, chlorophyll fluorescence, lipid production 

and defense mechanisms of algal consortia. Furthermore, examining remediation 

potential, chlorophyll fluorescence, biochemical composition and anti-oxidative 

responses under different light conditions can be helpful in identification of the 

microalgae consortia well adaptable to the changing environmental conditions that 

eventually augment the success of the outdoor cultivation of microalgae. Therefore, 

two different algal consortia were employed to resolve the growing crisis of 

wastewater treatment and energy scarcity. 

7.1 Results and discussion 

7.1.1 Effect of light intensity (20 W/m
2
 and 40 W/m

2
) on remediation efficiency of

algal consortia 

The physico-chemical characteristics are the vital determinant of water quality 

and results exhibited that both algal consortia significantly improved electrical 

conductivity (EC), total solid (TS), biological oxygen demand (BOD), and dissolved 

oxygen (DO) of wastewater. At 40 W/m
2
, the highest percent increase of 21.01% and

19.62% in pH was found to be at 75% wastewater with consortia 1 and 2 while, 

19.36% and 14.43% was observed in case of consortia 1 and 2 at 100% of wastewater 

concentration. Similarly, the increase in pH was observed at 25% (5.82%) and 50% 

(8.35%) concentration of municipal wastewater treated with consortia 1 and 2, 

respectively. At 20 W/m
2
, consortia 1 showed highest percentage change of 15.50%

and 23.79% in pH at 75% and 100% wastewater concentration while 16.45% and 

21.39% with consortia 2 at 25% and 50% wastewater, respectively. The results further 

depicted that wastewater after treatment with algal consortia, pH of wastewater 
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shifted towards alkalinity which could be due to the use of inorganic carbon in the 

form of bicarbonate from wastewater. The results also depicted that wastewater after 

treatment through consortia 1 and 2 showed highest increment in dissolved oxygen 

level at 25% while lowest increment at 100% wastewater concentration. At 20 W/m
2
,

the results revealed that consortia 2 treated wastewater showed highest increase in DO 

level at 25% (4.43 mg/L), 50% (3.94 mg/L), 75% (1.18 mg/L) and 100% (0.453 

mg/L) concentration of wastewater. At 40 W/m
2
, the DO level of 4.62 mg/L (25%),

3.67 mg/L (50%), 2.11 mg/L (75%) and 0.436 mg/L (100%) was also observed in 

case of consortia 2. The results further showed that pH and DO level was increased 

significantly at both light intensities with selected algal consortia. The increment in 

pH and DO level could be attributed to fast cell proliferation that increased the 

assimilation of inorganic carbon and photosynthetic rate of algal consortia. At 40 

W/m
2
, highest remediation efficiency of 84.98%, 84.30%, 85.63%, 85.61% and

93.35% was observed for EC, TSS, TDS, TS and BOD at 25% wastewater while 

lowest reduction of 42.15% (TSS), 48.36%% (TDS), 48.63% (TS) was also observed 

in case of consortia 1 treated with 100% concentration of wastewater, respectively. 

Furthermore, consortia 1 showed highest removal efficiency for EC (76.99%), TSS 

(71.61%), TDS (75.63%), TS (75.50%) and BOD (80.82%) at 50% wastewater 

concentration. At 75%, the highest reduction of 65.55%, 55.05%, 65.27%, 63.56% 

and 68.75% in EC, TSS, TDS, TS and BOD was observed with consortia 1 as 

compared to control. At 20 W/m
2
, the removal efficiency of 81.64%, 80.99%,

84.18%, 87.71% for EC, TSS, TDS and BOD was shown by consortia 1 treated with 

25% wastewater concentration. Furthermore, consortia 1 also showed the maximum 

reduction efficiency of 65.43%, 67.32%, 69.71%, 77.08% and 49.25% for EC, TSS, 



Chapter-7     Algal consortia as the flexible bio-system for wastewater 

treatment: effect of different light intensities on photosynthetic 

performance, anti-oxidative system and biodiesel production 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022        149 

TDS, TS, and BOD at 50% wastewater concentration while 49.26%, 53.55%, 66.71% 

in EC, TSS, and BOD at 75% concentration of wastewater, (Table 7.1). At 100%, the 

results further depicted the maximum decline of EC (38.64%), TSS (37.42%) and 

BOD (51.36%) with consortia 1 while, TDS (47.09%) and TS (44.73%) with 

consortia 2. The present study revealed that highest reduction percentage in different 

quality parameters were observed at 25% of the wastewater concentration with algal 

consortia 1 under different light intensities. The considerable variation in EC, TS, 

TDS, TSS and BOD removal at different wastewater concentration may be attributed 

to dilution which decreases the amount of different pollutants and eventually 

increases the removal efficacy of consortia. Moreover, the oxygen released by 

microalgae is utilized by the microbial population to degrade the organic material that 

results in decreased BOD level of wastewater (Fito and Alemu, 2019). 

7.1.2 Nitrogen and phosphorus remediation 

Nitrogen is vital constituent of various molecules of the cell (Sajjadi et al., 

2018). At 40 W/m
2
, the results depicted that consortia 1 showed highest nitrate-

nitrogen removal efficiency at 25% (93.37%), 75% (78.71%) and 100% (74.25%) of 

wastewater concentration while, consortia 2 (85.28%) at 50% concentration of 

wastewater. Similarly, at 20 W/m
2
, the maximum removal efficiency of 92.00%,

82.11%, 76.48%, and 75.20% was observed with consortia 1 while 90.77%, 83.05%, 

75.60% and 70.14% with consortia 2 at 25%, 50%, 75% and 100% of wastewater 

concentration. The results also exhibited that maximum decrease in level of 

phosphorus was observed with consortia 1 at 25% (93.42%), 50% (89.75%) and 

100% (77.56%) concentration of wastewater while with consortia 2 (83.24%) at 75% 

concentration of wastewater. 
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Table 7.1 Variation in different physico-chemical attributes of municipal wastewater treated with consortia 1 and 2 under different 

light intensities 

Parameters 

Initial 

concentration 
WW 

Consortia-1 Consortia-2 

20 W/m
2

40 W/m
2

20 W/m
2

40 W/m
2

pH 7.9 

Control 8.79±0.200
b

8.83±0.225
b

9.56±0.150
f

8.85±0.145
b

25% 9.15±0.160
c

8.36±0.225
a

9.20±0.110
c

8.12±0.155
a

50% 9.65±0.290 9.28±0.076
c

9.59±0.110
f

9.35±0.195
d

75% 9.35±0.240
d

9.56±0.077
de

9.10±0.210
b

9.45±0.116
e

100% 9.78±0.110
e

9.43±0.073
d

8.95±0.280
b

9.04±0.243
b

EC (µS/cm) 710 

Control 2.31±0.26
a

2.09±0.21
a

2.23±0.015
a

1.89±0.14
a

25% 148±7.17
b

121±3.10
b

170±8.02
b

151±3.32
b

50% 280±8.59
d

186±5.04
c

382±13.01
d

276±4.23
c

75% 411±8.04
f

279±4.15
d

419±10.14
e

365±7.13
d

100% 497±7.32
g

367±6.26
e

527±11.67
f

442±6.34
e

TDS 550 

Control 1.81±0.071
a

3.30±0.212
a

1.72±0.070
a

4.10±0.110
a

25% 87±6.94
b

79±1.34
b

108±2.000
b

96.67±1.66
b

50% 169±12.07
c

134±1.88
c

174±5.516
c

159.67±1.23
c

75% 252±18.95
d

191±1.45
c

224±5.507
d

230±2.45
d

100% 319±10.58
e

284±3.02
d

291±3.055
d

260.67±3.32
d

TSS 155 

Control 3.83±0.650
a

2.79±0.304
a

4.00±0.22
a

4.00±0.43
a

25% 29.46±0.36
b

24.33±0.514
b

33±0.63
b

28±0.88
b

50% 50.66±0.750
c

44±0.982
c

61±0.79
c

50±0.69
c

75% 72.0±1.65
d

69.67±0.900
c

86±0.52
d

73±0.96
d

100% 97.0±1.43
e

89.67±1.05
d

113±1.23
e

86±1.19
d
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TS 705 

Control 6.37±0.74
a

5.32±0.49
a

6.66±0.86
a

5.80±0.37
a

25% 119.67±1.01
b

101±1.14
b

151±1.24
b

124±2.06
b

50% 212.66±1.84
d

172±1.62
c

220±1.79
c

190±2.55
b

75% 317±2.06
e

255.79±2.29
d

302±2.76
d

260±2.98
c

100% 401±3.33
f

360.65±2.82
e

388±3.65
e

332±2.66
d

BOD 45 

Control 0.386±0.068
a

0.516±0.051
a

0.306±0.056
a

0.43±0.065
a

25% 5.53±0.261
b

2.99±0.179
b

7.04±0.805
b

4.02±0.0454
b

50% 10.31±0.909
c

8.63±0.225
c

13.43±1.60
c

9.37±1.55
b

75% 14.98±1.30
d

14.06±1.48
d

18.63±1.61
d

15.22±1.91
d

100% 21.89±2.11
f

18.6±1.84
e

22.17±1.45
e

23.97±1.46
e

DO 

Control 5.53±0.036
e

6.1±0.025
f

5.13±0.205
f

5.56±0.039
f

25% 4.41±0.276
d

4.56±0.186
d

4.43±0.182
e

4.62±0.275
e

50% 2.87±0.202
c

2.66±0.186
c

3.94±0.161
d

3.67±0.402
d

75% 0.978±0.115
b

1.06±0.125
b

1.18±0.187
b

2.11±0.225
c

100% 0.381±0.044
a

0.414±0.028
a

0.453±0.110
a

0.436±0.087
a

NO3-N 35 

Control 0.429±0.021
a

0.362±0.051
a

0.400±0.030
a

0.304±0.037
a

25% 2.80±0.250
b

2.32±0.110
b

3.23±0.458
b

2.78±0.301
b

50% 6.26±0.807
c

5.50±0.302
c

5.93±0.700
d

5.15±0.209
c

75% 8.23±0.741
e

7.45±0.816
d

8.54±0.460
e

8.90±0.483
e

100% 8.68±0.550
e

9.01±0.666
f

10.45±0.812
f

10.09±0.851
f

PO4
3-

15.82 

Control 0.36±0.021
a

0.274±0.062
a

0.546±0.025
a

0.66±0.021
a

25% 1.04±0.169
c

0.654±0.089
b

1.20±0.019
c

0.986±0.057
b

50% 1.62±0.254
d

1.47±0.156
d

1.89±0.421
f

1.42±0.212
d

75% 2.96±0.476
f

1.68±0.121
d

2.65±0.410
h

2.14±0.378
g

100% 3.55±0.612
g

2.27±0.139
g

3.92±0.723
i

2.24±0.310
g
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At 40 W/m
2
, highest reduction in phosphorus level was at 25% (95.86%) and 75%

(89.38%) with consortia 1 while, consortia 2 showed maximum reduction efficiency 

at 50% (91.02%) and 100% (85.85%) wastewater concentration (Table 7.1). In 

present investigation, discrepancy in nutrient removal efficiency between consortia 1 

and 2 could be attributed to microalgal species, metabolic rate and their adaptability to 

thrive under different wastewater and light intensity conditions. Choudhary et al., 

(2016) observed that mixture of different microalgae efficiently reutilized 80-100% of 

inorganic nutrients from wastewater. The results also depicted that nitrogen and 

phosphorus removal potential enhanced with light intensity which could be attributed 

to increased metabolic activities of consortia assimilating additional nutrients for 

synthesis of cellular bio-molecules and biomass production. The differential nutrients 

removal efficiency of consortia 1 and 2 might be attributed to protein rich microalgal 

species that resulted in enhanced assimilation of nitrogen from wastewater (Fan et al., 

2020). The elevated nutrient removal could also be due to their important role in the 

synthesis of essential cellular components such as chlorophyll, genetic material and 

energy molecules (Emparan et al., 2019). Moreover, light directly influence the 

growth rate thereby alters the nutrient removal efficiency of microalgae from growth 

media. In present study, the maximum nutrients removal efficiency of algal consortia 

1 and 2 after exposure to higher light intensity might be attributed to light induced 

elevated carbon and nutrients removal from wastewater, which was in accordance 

with Liu et al., (2018). The present study provided the adequate evidences that 

consortia 1 and 2 has promising potential to recover nutrients from wastewater treated 

under different light intensities. 
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7.1.3  Heavy metals detoxification 

The heavy metal removal from contaminated environment is very difficult and 

challenging but using microalgae can provide new avenues of metal detoxification in 

sustainable manner. The different heavy metals in wastewater were analyzed and the 

results revealed that Fe (1514.48±9.45 µg/L), Ni (15.30±0.706 µg/L), Zn 

(13.04±0.415 µg/L) Pb (8.72±0.125 µg/L), Cd (3.98±0.067 µg/L), Cr (3.70±0.088 

µg/L), Cu (12.20±0.559 µg/L) and As (0.62±0.025 µg/L) were present in municipal 

wastewater. At 40 W/m
2
, the highest removal efficiency for Pb (91.21%), Cr

(89.18%), Ni (93.96%), As (92.63%) was observed with consortia 1 while consortia 2 

showed maximum removal efficiency for Zn (94.27%), Fe (86.26%), Cd (97.28%), 

Cu (96.08%) at 25% concentration of wastewater. At 50% wastewater concentration, 

consortia 2 exhibited maximum remediation efficiency for Zn (92.66%), Cd 

(84.96%), Ni (88.95%), Cu (92.53%) and As (82.68) while consortia 1 effectively 

removed Pb (83.39%), Fe (74.01%) and Cr (79.45%). The results also showed the 

maximum removal of Fe (61.25%) and As (75.71%) was observed with consortia 1 

while, consortia 2 efficiently removed Zn (90.64%), Pb (70%), Ni (84.31%), Cd 

(77.57%), and Cu (85.57%) after treatment with 75% concentration of municipal 

wastewater. Furthermore, at 100% of wastewater concentration, consortia 1 showed 

highest remediation efficiency for Pb (52.76%), Cr (54.05%), Ni (78.88%) and As 

(64.62%) while consortia 2 for Zn (77.91%), Fe (44.48%), Cd (64.07%) and Cu 

(77.62%). At 20 W/m
2
, consortia 1 also showed maximum removal efficiency for Zn

(89.11-97.73%), Pb (77.23-86.25%) and Cr (72.43-83.16%) at 25% and 50% 

concentration of wastewater. 
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Fig. 7.1 Heavy metal remediation potential of selected consortia treated with 

wastewater under different light intensities (20 W/m
2
 and 40 W/m

2
)
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Similarly, highest reduction in Fe (77.32-88.43%) and As (84.71-90.77%) at 25% and 

50% concentration of wastewater was observed in case of consortia 2. The results 

further depicted that consortia 1 efficiently removed Pb (40-59.37%), Cr (44.59-

61.62%), Ni (72.87-79.01%), Cd (59.29-75.59%), Cu (73.32-80.32%) and As (61.90-

76.46%) at 75% and 100% concentration of wastewater than consortia 2 (Fig. 7.1). In 

present study, the maximum heavy metal removal efficiency at 40 W/m
2
 as compared

to 20 W/m
2
 after treatment with different wastewater concentration might be

attributed to the abundance of cellular macromolecules exhibiting different functional 

groups for binding of metals (Hwang et al., 2016). Salama et al., (2019) reported the 

removal of heavy metals from contaminated environment may be ascribed to 

bioadsorption and biosorption. The improved metal removal with light intensity could 

also be ascribed to growth rate that may augment the availability of active binding 

sites. Furthermore, different mechanisms like immobilization, chelation, exclusion, 

and gene expression may also elevate the metal removal efficiency of microalgae 

from wastewater (Leong and Chang, 2020). In this study, the heavy metal removal 

from wastewater under different light intensity using algal consortia was also 

reflected by Fourier transform infrared spectroscopy (FTIR). 

FTIR is promising technique to examine the presence of diverse functional 

groups and macromolecular content in microalgae (Fig. 7.2). In present study, the 

higher spectral peaks in the region between 3500-900 cm
−1

 in selected algal consortia

at 100% wastewater concentration treated under different light intensities expressed 

the presence of multiple functional groups. Carbohydrate (1200-900 cm
-1

) reflects

aldehyde and ketones functional groups, lipids (3000-2800 cm
-
1) mostly contain ester

and alcohol groups while proteins (1700-1500 cm
-1

) contain thiols, alcohols,

https://www.sciencedirect.com/science/article/pii/S0045653521021287#bib62
https://link.springer.com/article/10.1007/s10311-021-01203-0#ref-CR89
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Fig. 7.2 FTIR spectroscopy of consortia 1 and 2 treated with 100% concentration 

of wastewater under light intensity of 20 W/m
2
 and 40 W/m

2
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thioethers and carboxylic acids groups (Sultana et al., 2020). Further, broad stretching 

of peak in consortia 1 and 2 at 3550-3400 cm
−1

 indicated that hydroxyl (OH) groups

may adsorb metals from contaminated environment (Ajayan et al., 2015). Leong and 

Cheng (et al., 2020) also observed that algal biomass contains diverse active 

functional groups which provide enough number of binding sites for bio-adsorption of 

heavy metals thus, reduce their concentration from the wastewater. Therefore, the 

enhancement of different macromolecule may improve the metal removal efficiency 

of consortia 1. Furthermore, the decline in level of metal from wastewater after 

exposure to different light intensities and wastewater concentrations clearly indicated 

that higher light intensity could improve the metal remediation by enhancing the 

synthesis of different bio-molecules in consortia 1. 

7.2 Growth responses and biomass production 

The growth profile of selected consortia under different wastewater concentrations 

was recorded on alternate days. Microalgae consortia treated with 100% wastewater 

concentration exhibited maximum growth at 20 W/m
2
 and 40 W/m

2
 as compared to

their respective control. The selected algal consortia treated with 25% wastewater 

faded after 10
th 

day (40 W/m
2
) and 13

th
 day (20 W/m

2
). The discolouration at 25%

wastewater concentration could be ascribed to either light induced damage or 

accelerated nutrient assimilation at exponential phase leading to nutrient deficiency at 

later stages. At 50-100% wastewater, the continuous growth of consortia was 

observed upto 16 days in selected consortia under light intensities of 20 W/m
2
 and 40

W/m
2
 (Fig. 7.3). The results also exhibited that growth rate of 0.027 day

-1
and 0.043

day
-1

 was observed with consortia 2 grown in BG-11 media under both light

intensities. It was also observed that highest growth rate of 0.033 day
-1

 and 0.063 day
-
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1
was observed with consortia 1 and 2 at 20 W/m

2
 and 40 W/m

2
, respectively after

treatment with 100% concentration of wastewater. Comparing both light intensities, it 

was observed that specific growth rate 

Fig. 7.3 Growth profile of consortia 1 and 2 treated with wastewater under 

different light intensities (20 W/m
2
 and 40 W/m

2
)

was highest at 40 W/m
2
. The results also showed the maximum biomass production

was observed with consortia 2 (2350 mg/L) at 40 W/m
2 

while, under 20 W/m
2
, the

biomass production of 1010 mg/L was observed with consortia 1 grown in BG-11 

media. At 20 W/m
2
, the highest biomass production of 1340 mg/L and 1550 mg/L

was observed at 25% and 50% in case of consortia 1 while 1450 mg/L and 1780 mg/L 

at 75% and 100% concentration of wastewater with consortia 2. 
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Table 7.2 Effect of light intensity on specific growth rate and biomass production 

of consortia treated with different wastewater concentration 

At 40 W/m
2
, maximum biomass production of 1700 mg/L and 3470 mg/L was

observed in case of consortia 1 at 25% and 100% wastewater concentration. However, 

consortia 2 showed highest biomass production at 50% (2080 mg/L) and 75% (2650 

mg/L) of wastewater concentration (Table 7.2). Interestingly, the results revealed that 

the consortia 1 and 2 treated with municipal wastewater under two light intensities 

showed that 40 W/m
2
 stimulated the growth rate and biomass yield of consortia 1 and

2 as compared to 20 W/m
2
. The higher biomass production at 40 W/m

2
 might be

attributed to utilization of light energy by algal consortia for cell division and 

lipid/carbohydrates accumulation. The increase in biomass production with light 

intensity might be also due to absorption of excess light energy by the photosynthetic 

apparatus of microalgae (Metsoviti et al., 2019). Overall, the results concluded that 

the growth rate as well as biomass production of microalgae increased with light 

intensity and the same has been reported by George et al., (2014). 

Wastewater 

(WW) 

concentration 

Specific growth rate (day
-1

) Biomass Production (mg/L) 

20 W/m
2

40 W/m
2

20 W/m
2

40 W/m
2

Consortia 1 

Control 0.0243±0.004
c

0.0292±0.005
d

1010±14.51
a

1990±14.34
d

25% WW 0.0029±0.004
a

0.0324±0.007
e

1340±16.34
b

1700±16.23
c

50% WW 0.0291±0.006
d

0.0348±0.007
e

1550±12.13
bc

1860±23.12
cd

75% WW 0.0159±0.009
b

0.0431±0.009
f

1420±12.78
b

2250±14.13
e

100% WW 0.0331±0.007
e

0.0604±0.011
g

1630±14.34
c

3470±18.19
f

Consortia 2 

Control 0.0277±0.007
c

0.0437±0.005
d

910±15.31
a

2350±14.25
f

25% WW 0.0006±0.0001
a

0.0344±0.005
cd

1110±18.19
b

1510±15.78
c

50% WW 0.0091±0.0004
b

0.0447±0.008
d

1280±11.34
b

2080±17.45
e

75% WW 0.0202±0.005
c

0.0546±0.011
e

1450±14.12
c

2650±12.47
g

100% WW 0.0306±0.008
c

0.0639±0.013
f

1780±16.23
d

3020±12.98
h
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7.3 Effect of light intensity and wastewater on pigments and photosynthetic 

performance of consortia 

The photosynthetic pigment in microalgae is essential parameter to examine 

the adaptation capacity, cellular viability as well as photosynthetic capacity under 

different light intensities. At 40 W/m
2
, consortia 2 showed highest increase in total

chlorophyll content at 25% (1.13 folds), 50% (2.00 folds), 75% (2.18 folds) while, 

1.56 folds in consortia 1 treated with 100% concentration of wastewater. Similarly, at 

20 W/m
2
, the maximum increase of 1.75 and 2.50 folds was observed with consortia 2

at 25% and 50% while 3.71 and 4.00 folds in total chlorophyll content with consortia 

1 at 75% and 100% concentration of wastewater (Table 7.3). The results also depicted 

that pigment content in consortia 1 and 2 increased considerably with wastewater 

concentrations and light intensities in comparison to control. The increased 

chlorophyll content indicated that wastewater and light intensity instead of interfering 

in PS-II functioning stimulated the photosynthetic rate and chlorophyll synthesis in 

consortia 1 and 2. The increased growth rate with light intensity and wastewater 

concentration may also be responsible for improved chlorophyll content of consortia. 

Gayathri and Rajasree, (2017) observed that changing light intensity bring 

considerable changes in the biochemical composition and chlorophyll content of 

microalgae. Previously, Bhatnagar et al. (2011) also reported that chlorophyll 

synthesis increased after growing microalgae in industrial and municipal wastewater. 

The other reason could be that the darker colour of wastewater encouraged 

chlorophyll synthesis as a strategy to improve light absorption (da Silva Ferreira 

and  Sant’ Anna, 2017).  In  addition,  the  increment in the pigment biosynthesis with 

https://link.springer.com/article/10.1007/s11274-016-2181-6#ref-CR5
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Table 7.3 Modification in biochemical parameters and oxidative stress markers in consortia 1 and 2 treated at light intensities of 20 

W/m
2
 and 40 W/m

2

WW 

Concent

-rations A
lg

a
l 

co
n

so
rt

i

a
L

ig
h

t

in
te

n
si

ty
 Total 

chlorophyll 

(mg g
-1

 fw)

Carotenoids 

(mg g
-1

 fw)

Protein 

(mg g
-1

 fw)

Carbohydrate 

(mg L
-1

 fw)

Lipid 

(mg L
-1 

fw)

TBARS 

(μmol g
-1

fw)

H2O2

(μmol g
-1

fw)

Control 

C
o
n

so
rt

ia
-1

 

2
0
 W

/m
2

0.007±0.0006
a

0.011±0.0011
b

0.0051±0.0001
b

9.94±0.581
a

0.114±0.0010
b

1.26±0.087
a

1.59±0.257
a

25% 0.011±0.0004
ab

 0.0099±0.0002
a
 0.0042±0.0004

b
19.02±1.74

c
0.075±0.0027

a
3.31±0.444

c
7.24±0.876

e

50% 0.015±0.0006
c
 0.0183±0.0002

bc
 0.0066±0.0002

d
21.69±2.89

d
0.113±0.0043

b
1.78±0.054

ab
2.93±0.378

b

75% 0.026±0.0007
d
 0.0121±0.0003

b
 0.0058±0.0005

c
32.76±4.03

f
0.134±0.0032

bc
1.33±0.077

a
4.84±0.144

c

100% 0.028±0.0009
d
 0.0157±0.0007

b
 0.0102±0.0007

e
21.42±2.12

d
0.139±0.0025

bc
2.98±0.093

b
6.79±0.343

d

Control 

C
o
n

so
rt

ia
-2

 0.008±0.0005
a

0.0094±0.0001
a

0.0032±0.0002
a

15.56±0.434
b

0.115±0.018
b

1.65±0.065
ab

1.72±0.234
a

25% 0.014±0.0007
ab

 0.0096±0.0004
a
 0.0025±0.0001

a
22.62±1.88

d
0.085±0.007

a
4.62±0.676

d
6.65±0.414

d

50% 0.020±0.0005
c
 0.0096±0.0004

a
 0.0047±0.0004

b
26.62±2.34

e
0.143±0.009

d
5.16±0.342

e
7.04±0.323

e

75% 0.017±0.0009
c
 0.0106±0.0017

b
 0.0050±0.0003

b
32.49±3.03

f
0.122±0.004

b
5.26±0.456

e
7.89±0.305

ef

100% 0.019±0.0004
c
 0.0092±0.0008

a
 0.0059±0.0006

c
31.82±2.56

f
0.131±0.019

bc
7.09±0.892

f
9.88±0.568

g

Control 

C
o
n

so
rt

ia
-1

 

4
0
 W

/m
2

0.025±0.0002
bc

0.016±0.0027
a

0.0023±0.001
a

11.42±0.59
a

0.170±0.0010
b

1.72±0.273
a

2.94±0.151
a

25% 0.016±0.0001
a

0.010±0.0032
a

0.0032±0.003
b

28.76±5.62
e

0.161±0.0027
b

4.91±0.343
b

5.68±0.219
c

50% 0.031±0.0002
d

0.037±0.0012
c

0.0040±0.002
c

19.34±3.43
bc

0.290±0.0043
e

4.94±0.515
b

4.46±0.392
b

75% 0.039±0.0002
de

0.018±0.0021
a

0.0102±0.002
f

35.82±8.38
f

0.251±0.0032
d

6.01±0.727
cd

6.59±0.274
d

100% 0.050±0.0003
e

0.042±0.0028
d

0.0062±0.001 18.94±2.07
bc

0.203±0.0025
c

9.49±0.901
e

11.35±0.617
g

Control 

C
o
n

so
rt

ia
-2

 0.022±0.0002
ab

0.018±0.0010
a

0.0040±0.0001
c

14.2±2.41
b

0.153±0.0014
a

1.93±0.072
a

2.65±0.027
a

25% 0.025±0.0001
bc

0.025±0.0068
b

0.0047±0.0005
c

23.42±5.21
d

0.142±0.0015
a

4.82±0.126
b

9.53±1.03
f

50% 0.044±0.0001
e

0.042±0.0020
d

0.0071±0.0006
e

28.49±2.51
e

0.236±0.0029
d

5.12±0.345
c

7.56±0.413
e

75% 0.032±0.0008
d

0.036±0.0010
c

0.0059±0.0003
d

19.69±2.32
bc

0.316±0.0025
f

5.80±0.765
c

9.67±0.632
f

100% 0.048±0.0001
e

0.017±.0015
a

0.0048±0.0002
c

11.85±1.66
a

0.329±0.0055
f

11.34±0.555
f
 18.05±0.885

h
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wastewater concentration under low light intensity (20 W/m
2
) conditions increases the

light capturing potential which may be the response adopted by microalgae to 

compensate the photo-limitation. Therefore, the increased chlorophyll content seems a 

compensatory mechanism adopted by microalgae under light limited conditions to 

absorb and utilize light in efficient manner (Ferreira et al., 2016). 

In order to gain more insight related to effect of different light intensities and 

wastewater concentration on photosynthetic health of consortia, different 

photosynthetic parameters such as Fv/Fo, Fv/Fm, Piabs, Mo, TRo/RC, ABS/RC and 

ETO/RC were estimated. The photosynthetic performance of consortia 1 and 2 treated 

with 25-100% wastewater concentration was analyzed under different light intensities. 

At 40 W/m
2
, the results revealed that Fv/Fo was increased by 20.45%, 21.06%,

13.04% and 19.21% with consortia 1 while 29.42%, 33.43%, 29.91% and 36.21% 

with consortia 2 at 25%, 50%, 75% and 100% concentration of wastewater, 

respectively. Similarly, Fv/Fm ratio showed an increase of 4.41%, 4.54%, 2.94, 4.27% 

and 6.43%, 7.26%, 6.57%, 7.67% with consortia 1 and 2 at different concentrations 

(25-100%) of wastewater, respectively. At 20 W/m
2
, the results showed that ratio of

Fv/Fo was increased with wastewater concentration gradient in the order of 53.31% 

(25%), 69.58% (50%), 61.45% (75%), 79.75% (100%) with consortia 1. In the case of 

consortia 2, it was found to be increased by 4.79% and 4.22% at 50% and 75% 

concentration of wastewater (Table 7.4). It was also observed that Fv/Fm ratio was in 

the order of 19.39%, 23.72%, 21.65% and 26.17% with consortia 1 at 25%, 50%, 75% 

and 100% concentration of wastewater while, an increase of 1.67% and 1.52% in 

Fv/Fm was observed with consortia 2 at 50% and 75% concentration of wastewater. 

Fv/Fm represents the quantum efficiency and increased value indicates that the activity 
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of the PS II was improved at higher light intensity (40 W/m
2
) as well as wastewater

concentration gradient. Fv/Fo represents number of oxygen evolving reaction centres 

thus estimates the photosynthetic capacity of microalgae exposed to different light 

intensity (Vadiveloo et al., 2013). The increased Fv/Fo ratio with light intensity 

indicates negligible interference in electron transport chain and photosynthetic 

capacity of microalgae (Pereira et al., 2000). The results of photosynthetic 

fluorescence revealed that both Fv/Fm and Fv/Fo were higher in selected consortia 

exposed to 40 W/m
2
 as compared to 20 W/m

2
 signifying that higher light intensity (40

W/m
2
) enhanced the photosynthetic performance of consortia 1. Further, the results

exhibited that Mo was increased by 10.08% and 88.72% in consortia 1 and 2 at 25% 

concentration of wastewater under light intensity of 20 W/m
2
. However, Mo value

was decreased at 25% wastewater concentration with consortia 1. In the case of 

consortia 2, a significant increase of 43.60%, 26.31% and 39.09% was observed 

above 25% concentration of wastewater (Table 7.4). At 40 W/m
2
, the results exhibited

that Mo value was highest in control sample thereafter, the decline in Mo value was 

observed at different wastewater concentration. Mo represents closing rate of reaction 

centre and decreased value along wastewater concentration gradient confirms the 

higher photosynthetic efficiency of selected consortia under 40 W/m
2
. Further, the

Piabs value was increased along wastewater concentration gradient in consortia 1 by 

57.39%, 118.46%, 150% and 195.8% while declining trend was observed with 

consortia 2 as compared to control at 20 W/m
2
.
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Table 7.4 Effect of light intensities (20 W/m
2
 and 40 W/m

2
) on the active photosystem II reaction centre (Fv/Fo), the quantum yield of

photosystem II (Fv/Fm), net closing rate of the reaction center (Mo), photosynthetic performance index (Piabs), apparent antenna size 

(ABS/RC), trapping flux per reaction centre (TRo/RC) and electron transport per reaction centre (ETO/RC) of consortia 1 and 2 

Wastewater 

concentration 
Algal consortia Fv/Fo Fv/Fm Mo Pi abs ABS/RC TRo/RC ETo/RC 

Light intensity-20 W/m
2
 

Control 

C
o
n

so
rt

ia
-1

 1.131
a

0.531
a

0.228
de

2.009
a

1.815
e

0.963
d

0.735
c

25% 1.734
b

0.634
b

0.251
e

3.162
b

1.417
cd

0.898
c

0.648
b

50% 1.918
d

0.657
b

0.218
d

4.389
c

1.371
c

0.901
c

0.683
b

75% 1.826
c

0.646
b

0.183
c

5.040
d

1.298
bc

0.839
b

0.655
b

100% 2.033
e

0.670
bc

0.177
b

5.944
e

1.159
a

0.777
a

0.600
a

Control 

C
o
n

so
rt

ia
-2

 1.919
d

0.657
b

0.133
a

7.990
g

1.313
bc

0.863
b

0.730
c

25% 1.817
c

0.645
b

0.251
e

3.386
b

1.425
cd

0.919
c

0.668
b

50% 2.011
e

0.668
b

0.191
c

5.469
e

1.274
ab

0.851
b

0.660
b

75% 2.000
e

0.667
b

0.168
b

6.390
f

1.313
bc

0.876
b

0.707
c

100% 1.877
d

0.652
b

0.185
c

5.085
d

1.226
ab

0.800
ab

0.615
a

Light intensity-40 W/m
2
 

Control 

C
o

n
so

rt
ia

-1
 2.967

ab
0.748

b
0.097

d
19.998

a
1.006

e
0.753

e
0.656

cd

25% 3.574
d

0.781
cd

0.072
b

34.031
b

0.784
a

0.613
a

0.541
a

50% 3.592
d

0.782
cd

0.072
b

35.289
b

0.925
cd

0.723
e

0.651
cd

75% 3.354
c

0.770
c

0.060
a

38.761
c

0.817
b

0.629
b

0.569
a

100% 3.537
d

0.780
cd

0.064
a

38.785
c

0.856
b

0.667
bc

0.603
b

Control 

C
o
n

so
rt

ia
-2

 2.698
a

0.730
a

0.086
c

20.121
a

0.952
d

0.694
d

0.609
b

25% 3.492
cd

0.777
cd

0.068
a

35.647
b

0.857
b

0.666
bc

0.598
b

50% 3.600
e

0.783
cde

0.063
a

40.879
d

0.893
bc

0.699
d

0.636
c

75% 3.505
cd

0.778
cd

0.066
a

37.167
c

0.907
c

0.706
d

0.639
c

100% 3.675
e

0.786
cde

0.062
a

41.459
d

0.783
a

0.615
a

0.553
a

Algal consortia as the flexible bio-system for wastewater treatment: effect of different light intensities 

on photosynthetic performance, anti-oxidative system and biodiesel production 
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At 40 W/m
2
, an increase of 70.17%, 76.46%, 93.82% and 93.94% in Piabs 

value was observed with consortia 1 while with consortia 2, 77.16%, 103.16%, 

84.71% and 106.04% at 25%, 50%, 75% and 100% concentration of wastewater 

(Table 7.4). Piabs is measure of cell vitality (Gururani et al., 2018) and the increased 

Piabs value with light intensity to that of control in the present study reflects healthy 

algal cells. The increased Piabs also signifies high photosynthetic performance (Negi et 

al., 2016) and efficient tolerance against metal pollutants. Thus, in present study, the 

increased Piabs value with wastewater concentrations and light intensity is prime 

indicators of better cell vitality, electron transport as well as photosynthetic efficiency 

of consortia 1 than consortia 2. In case of consortia 1, the ABS/RC, TRo/RC and 

ETo/RC ratio was observed to decrease significantly with different wastewater 

concentrations under 20 W/m
2
 and 40 W/m

2
.  In consortia 2, it was observed that the

ratio of TRo/RC increased at 25% (1.06 folds) and 75% (1.01 folds) concentration of 

wastewater after treatment at 20 W/m
2
. At 40 W/m

2
, the results also showed that

ETo/RC was decreased significantly in consortia 1 while with consortia 2, an increase 

of 1.04 and 1.04 folds was observed at 50% and 75% concentration of wastewater. 

The decreased ABS/RC reflects the activation of reaction centre (Strasser et al., 2004) 

which stimulates photophosphorylation and eventually leads to enhanced cell growth 

and biomass production. The ABS/RC represents the antenna size and it was found to 

decrease in both consortia at different wastewater concentration than control. 

Previously, it has been reported that stress condition increases the antenna size (Dao 

et al., 2016) but present study showed decreased antenna size which might be 

attributed to competent adaptability of selected consortia under different light and 

wastewater conditions. In present study, the decreased TRo/RC value in consortia 1 

https://www.sciencedirect.com/science/article/pii/S0960852416307350#b0030
https://www.sciencedirect.com/science/article/pii/S0960852416307350#b0030
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treated with different wastewater concentration and light intensity may be due to 

presence of large number of reaction centres that promotes the transport of electron 

and QA reduction (Markou et al., 2017). Similarly, the ratio of ETo/RC was also 

decreased with wastewater which may be due to abundance of active RC and 

excellent photosynthetic efficiency of selected algal consortia (Zhao et al., 2017). 

As per the different photosynthetic parameters, the results revealed that 

consortia 1 was more adaptable to low as well as high light intensity while consortia 2 

showed good adaptability at higher light intensity. Thus, overall results suggested that 

consortia 1 could be exploited for mass cultivation under different light intensities. 

7.3.1 Carotenoid content 

The carotenoid content in selected consortia was increased with wastewater 

concentration and light intensity as compared to control. At 40 W/m
2
, consortia 1

showed highest increase of 2.62 folds in carotenoid content at 100% wastewater 

while, in consortia 2, the maximum increase (2.31 folds) was found at 50% 

concentration of wastewater. The carotenoid content was also increased in consortia 1 

(1.12 folds) and consortia 2 (2.00 folds) at 75% concentration of wastewater. At 20 

W/m
2
, consortia 1 showed an increase of 1.66, 1.10 and 1.42 folds in carotenoid

content at 50%, 75% and 100% while, an increase of 1.02, 1.02 and 1.12 folds in 

consortia 2 treated with 25%, 50% and 100% of wastewater concentration (Table 7.3). 

The enhancement in carotenoid accumulation with wastewater and light intensity 

might be accredited to their involvement in protection of photosynthetic machinery 

from oxidative damage. Earlier, it has been reported that under stress condition, 

carotenoid prevent oxidative damage by acting as precursor of signaling molecule, 
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scavenge free radicals and hamper formation of triplet chlorophyll (Sharma et al., 

2012; Coulombier et al., 2021). Apart from anti-oxidative role, carotenoid contributes 

in trapping of excess light energy under high light intensity conditions (Singh et al., 

2010). Increased carotenoid content may also be attributed to their role in protection 

of PS II against photo-inhibition (Solovchenko et al., 2008). The increased 

accumulation of carotenoids may regulate factors responsible for proper growth, cell 

cycle, as well as cell signaling (Fiedor and Burda, 2014). Thus, enhancement of 

carotenoid under wastewater concentration and light intensity in this study could be a 

palliative measure adopted by algal consortia to mitigate the light and wastewater 

induced oxidative damage. 

7.4 Effect of municipal wastewater concentrations and light intensities on 

protein, lipid and carbohydrate content of algal consortia 

The intensity of light strongly influences the cell growth, pigment biosynthesis 

and composition of the algal biomass. At 40 W/m
2
, the protein content was increased

in consortia 1 (1.39 folds) and consortia 2 (1.17 folds) at 25% of wastewater 

concentration. The highest increase of 1.77 folds in consortia 1 was found to be at 

50% wastewater concentration while, 4.43 folds in case of consortia 2 at 75% 

wastewater concentration (Table 7.3). The protein content was also increased in 

consortia 1 (2.69 folds) and consortia 2 (1.20 folds) at 100% concentration of 

wastewater than respective control. At 20 W/m
2
, the protein content in consortia 1

(2.00 folds) and consortia 2 (1.84 folds) was increased at 100% of wastewater 

concentration. The results also showed an increase of 1.29 and 1.13 folds in protein 

content in consortia 1 while 1.46 and 1.56 folds in consortia 2 at 50% and 75% of 

wastewater concentration. Furthermore, protein content was decreased in both 
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consortia at 25% in comparison to control (Table 7.3). However, the increased protein 

content observed in selected consortia above 25% wastewater concentration may be 

either ascribed to stimulation of protein synthesizing machinery or synthesis of 

stress/chelating protein to avoid damage to cellular components. Ghosh and Xu, 

(2014) also reported that enhanced protein synthesis under the stress condition not 

only improves the tolerance towards the abiotic stress but also sustain metabolic 

processes in the cell. Therefore, in the present study, the enhancement in protein 

synthesis may be the stress mitigation strategy adopted by algal consortia under 

different light intensities and wastewater concentrations.  

At 40 W/m
2
, consortia 1 showed that the maximum increase of 3.13 folds in

carbohydrate content at 75% concentration of wastewater. Moreover, consortia 1 also 

showed an increase of 2.51 and 1.69 folds while, in consortia 2, it was increased by 

1.64 and 2.00 folds at 25% and 50% wastewater concentration, respectively. The 

results also depicted an increase of 1.65 folds in carbohydrate content after treatment 

of 100% wastewater concentration to consortia 1 as compared to control. At 20 W/m
2
,

the carbohydrate content in case of consortia 1 was increased by 1.91, 2.18, 3.29 and 

2.15 folds at 25%, 50%, 75% and 100% wastewater concentration. The results also 

showed that carbohydrate content in consortia 2 was increased at 25% (1.45 folds), 

50% (1.71 folds), 75% (2.08 folds) and 100% (2.04 folds) of wastewater 

concentration. The increased carbohydrate accumulation could be attributed to 

elevated cell proliferation, photosynthetic efficiency as well as the osmotic balance of 

the cell (Sami et al., 2016). Therefore, the increased biomass production, 

carbohydrate, chlorophyll and protein content may be ascribed to efficient utilization 
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of light and wastewater for prolific growth and macromolecules synthesis by selected 

consortia. 

Lipids perform metabolic activities inside the cell by maintaining the structure 

and functions of cell membrane. At light intensity of 40 W/m
2
, consortia 1 and 2

showed an increase of 2.15 and 1.19 folds in lipid content at 100% concentration of 

wastewater. At 50% and 75% wastewater concentration, an increase of 1.54 and 2.06 

folds was observed in consortia 1 while 1.70 and 1.47 folds in case of consortia 2. At 

20 W/m
2
, consortia 1 showed an increase of 1.17 and 1.06 folds while 1.21 and 1.13

folds in consortia 2 at 75% and 100% wastewater concentration. At 50% wastewater, 

the maximum enhancement of 1.24 folds was observed in consortia 2 (Table 7.3). The 

results also exhibited selected algal consortia 1 and 2 treated with 25% wastewater 

concentration showed decline in lipid accumulation at both light intensities in 

comparison to untreated consortia. Overall, the selected consortia after treatment with 

50%-100% wastewater concentration under 20 W/m
2
 and 40 W/m

2
 showed elevated

lipid accumulation than untreated consortia. The improvement could be attributed to 

nutrient exhausted conditions favoring the accumulation of lipid in microalgae (Shen 

et al., 2015). In present study, elevated lipid accumulation under higher light intensity 

as compared to low light intensity could be the mechanism adopted by microalgae to 

protect the cellular components from degradation. He et al., (2015) also observed that 

higher light intensity may affect the photosynthetic rate, anabolic reactions and diverts 

the photosynthetically fixed carbon and energy towards lipid biosynthesis. Under high 

light intensity, the increased lipid accumulation and fatty acid synthesis may also be 

attributed to increased activity of enzymes such as acetyl-CoA carboxylase, 

desaturase, ATP citrate lyase, and glucose permease (Arroyo et al., 2011; Gim et al., 
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2014). Furthermore, the elevated synthesis of lipid in consortia 1 and 2 was also 

shown by FTIR spectroscopy. The FTIR absorption spectra depicted that consortia 1 

and 2 treated with 100% wastewater concentration at 20 W/m
2
 and 40 W/m

2 
showed

higher lipid peak compared to respective control as evident by the occurrence of 

absorption peak between 3000-2800 cm
-1 

and 1750 cm
-1

 (Upadhyay et al., 2021). The

results exhibited that consortia 1 treated with 100% wastewater concentration under 

light intensity of 20 W/m
2
 and 40 W/m

2
 showed spectral peak between 1741-1739

cm
-1

 which could be directly linked with accumulation of neutral lipid. The FTIR

spectroscopy also showed the spectral peaks at 2924.2 cm
-1

 and 2856.4 cm
-1

 in

consortia 1 while 2925.0 cm
-1

 and 2859.6 cm
-1 

in case of consortia 2, respectively at

20 W/m
2
 (Fig. 7.2). Similarly, at 40 W/m

2
, consortia 1 and 2 showed the intense peaks

between 3000-2800 cm
-1

 after treatment with 100% wastewater concentration. Earlier,

reports revealed that absorption peaks between 3000-2800 cm
-1

 represent “lipid band

spectra” which may arise due to C-H group of methylene (Sudhakar and Premalatha, 

2015). Furthermore, the absorption peaks between 1700-1500 cm
-1

 represents the

bending of C-N, C=O, N-H bond of proteins and the peaks were more prominent in 

wastewater treated consortia. It was observed that the spectral peak between 1200-900 

cm
-1

 were higher in treated consortia 1 and 2 which reflected that both light intensities

induced carbohydrate accumulation. The results also showed that 40 W/m
2
 induced

higher carbohydrate accumulation in wastewater treated consortia 1 and 2 as 

compared to 20 W/m
2
. Overall, the results reflected that both light intensities (20

W/m
2
 and 40 W/m

2
) enhanced the lipid accumulation in consortia 1 after treatment

with 100% of wastewater concentration. Therefore, the enhancement in the synthesis 
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of different bio-molecules may be ascribed to cellular modifications adopted by algal 

consortia to adjust under different light intensities and wastewater concentrations. 

7.5 FAME analysis 

The composition and percentage of fatty acid in algal biomass is the key factor 

that affects the properties of the biofuel (He et al., 2015). The compositions of fatty 

acid were analyzed to determine the biodiesel production potential of consortia 1 and 

2 treated with municipal wastewater (100%) under different light intensities (20 W/m
2

and 40 W/m
2
). In this study, consortia 1 treated with wastewater (100%) showed the

highest content of C16:0 (26.89%) and C18:2 (12.78%) at 40 W/m
2
 while 18:0

(7.24%), C18:1 (16.04%), and C18:3 (12.80%) at 20 W/m
2
. In case of consortia 2

treated with 100% of wastewater concentration, C16:0 (26.72%) and C18:0 (6.86%) 

were observed in maximum amount at 20 W/m
2 

while C18:1 (14.45%), C18:2

(12.89%) and C18:3 (14.79%) were found to be highest at 40 W/m
2 

(Fig. 7.4). The

fatty acids containing C-16 and C-18 carbon atoms reflect the good quality biodiesel 

(Knothe, 2009). Kumar et al., (2019) observed that considerable increase in the fatty 

acid such as C16:0 and C18:1 indicated that higher light intensity improved the 

quality of biofuel. In the present study, both light intensities (20 W/m
2
 and 40 W/m

2
)

and wastewater (100%) improved the percentage of important fatty acid in terms of 

biofuel production. Singh et al., (2015) further suggested that the C18:3 content 

should not be above the specified limits (12%). However, in the present study, the 

C18:3 (10.52%) was below the specified value in consortia 2 treated with 100% 

wastewater concentration at 20 W/m
2
 thus, can serve as the suitable feedstock for

biodiesel production. The results also showed that saturated fatty acid content was 

https://www.sciencedirect.com/science/article/pii/S0960852415006859#b0070
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highest (42.30%) in consortia 1 whereas lowest was observed in case of consortia 2 

(37.36%) treated under light intensity of 40 W/mP

2
P. Furthermore, in case of consortia 

1, the maximum monounsaturated (MUFA-26.60%) and polyunsaturated fatty acid 

(PUFA-26.93%) content was observed at 20 W/m P

2 whereas with consortia 2, the 

highest MUFA (25.98%) and PUFA content (29.45%) was at 40 W/mP

2
P. 

Fig. 7.4 Fatty acid profiling of post harvested biomass of consortia 1 and 2 

treated under light intensity of 20 W/mP

2 and 40 W/mP

2
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The considerable percentage of MUFA is advantageous as it increases the 

oxidative stability, cold flow and combustion efficiency of biodiesel (He et al., 2015). 

Overall, the results revealed that light intensity of 40 W/m
2
 and wastewater

concentration (100%) enhanced the synthesis of important fatty acid in consortia 1 

while 20 W/m
2 

in case of consortia 2. Thus, it can be concluded that consortia 1

grown under different light intensities and wastewater concentration (100%) can 

certainly improves the qualities of biofuel. 

7.6 Oxidative stress markers: thiobarbituric acid reactive substances (TBARS) 

and hydrogen peroxide (H2O2) 

Microalgae trigger certain physiological processes to adapt under the 

fluctuating environmental conditions. At 40 W/m
2
, highest increase of 5.51 and 6.39

folds in TBARS content was found to be with consortia 1 and 2, at 100% wastewater 

concentration. At 25%, 50% and 75% concentration of wastewater, consortia 1 

showed an increase of 2.85, 2.87 and 3.49 folds in TBARS content while an increase 

of 2.49, 2.65, and 3.00 folds was found in case of consortia 2 than control. At 20 

W/m
2
, consortia 1 and 2 showed an increase of 2.62 and 2.80 folds in TBARS content

at 25% while, 1.41 and 3.12 folds at 50% wastewater concentration. The results 

showed an increase of 1.05 and 3.18 folds in TBARS content in consortia 1 and 2 at 

75% concentration of wastewater. Similarly, TBARS content in algal consortia 1 and 

2 was increased by 2.36 and 4.29 folds at 100% wastewater concentration. 

Furthermore, this study clearly reflected that 40 W/m
2
 along with wastewater

enhanced the TBARS content in consortia 2 than consortia 1. 
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At 40 W/m
2
, hydrogen peroxide (H2O2) content was increased by 3.86 and

5.73 folds in consortia 1 and 2 treated with 100% of wastewater concentration. The 

results also depicted that consortia 2 showed highest increase in H2O2 content at 25% 

(3.02 folds), 50% (2.40 folds) and 75% (3.06 folds) concentration of wastewater. In 

case of consortia 1, the maximum increase was observed at 25% (1.93 folds), 50% 

(1.51 folds) and 75% (2.24 folds) of municipal wastewater concentration (Table 7.3). 

Similarly, at 20 W/m
2
, H2O2 content was found to increase by 3.86, 4.09, 4.58 and

5.74 folds in consortia 2 while, in consortia 1, it was increased by 4.55, 1.84, 3.04, 

and 4.27 folds with wastewater concentration ranging from 25-100%, respectively. 

Further, the results concluded that both TBARS and H2O2 content exhibited 

maximum increase at 100% wastewater and light intensity of 40 W/m
2
 which reflects

the lipid peroxidation and elevated ROS generation in consortia 2. Wastewater 

enriched with different heavy metals poses oxidative damage by inhibiting 

photosynthesis, increase acidity of cytoplasm and disturb cellular homeostasis 

(Gauthier et al., 2020). Chaula et al., (2019) also reported that increased TBARS 

accumulation is widely used as the index of lipid peroxidation and cellular toxicity. 

Light intensity may elevate the ROS generation by affecting the reaction centres of 

PSII resulting in alteration of growth rate, cell physiology and biochemical activity of 

microalgae (Zhang et al., 2017). The selected consortia 1 and 2 cultivated under 

higher light intensity absorb excess energy that is either transferred to electron 

acceptors or dissipated in the form of heat which may lead to ROS generation in the 

cell. Further, excess ROS accumulation may disintegrate and destabilizes cell 

membrane by reacting with polyunsaturated fatty acids and induce chain reaction in 

the presence of hydroperoxides as well as intermediate products of lipid peroxidation 
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(Melegari et al., 2012). Overall, the results showed that the consortia 2 were more 

sensitive to oxidative damage as compared to consortia 1. Thus, due to the less 

TBARS and H2O2 content after treatment with wastewater and light intensity, 

consortia 1 could be employed to remediate wastewater under different environmental 

conditions. 

7.7 Effect of light intensity and wastewater on antioxidant activity of algal 

consortia 

7.7.1 Non-enzymatic antioxidants 

Under stressful environment, microalgae produce array of antioxidants to 

offset the oxidative damage induced by different reactive oxygen species (ROS) to the 

microalgae. At 40 W/m
2
, the highest increase in ascorbic acid was found in consortia

1 (1.30 folds) and consortia 2 (1.14 folds) at 50% and 75% wastewater concentration, 

respectively. In case of consortia 2, it was enhanced by 1.04 folds while decline in 

ascorbic acid was found at 25% concentration of wastewater in case of consortia 1. 

Moreover, consortia 1 also showed the highest increase of 1.15 folds in ascorbic acid 

at 100% wastewater concentration. The results showed the maximum increase of 

cysteine content in consortia 1 at 25% (1.68 folds), 50% (2.00 folds), 75% (2.80 

folds) and 100% (2.11 folds) concentration of wastewater. In case of consortia 2, an 

increase of 1.09, 1.30, 1.67 and 2.09 folds in cysteine content was observed at 

different concentration of municipal wastewater. The results also depicted an increase 

of 1.04, 1.27, 1.20 and 1.32 folds in proline content in consortia 1 while 1.26, 1.47, 

1.59 and 1.64 folds in consortia 2 at 25%, 50%, 75% and 100% concentration of 

wastewater (Fig 7.5). 

https://www.sciencedirect.com/science/article/pii/S0960852415000036#b0125
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At 20 W/m
2
, consortia 2 showed maximum increment of ascorbic acid at 50%

(1.00 folds), 75% (1.13 folds) and 100% (1.23 folds) of wastewater concentration. It 

was also observed that ascorbic acid content was increased by 1.03 and 1.16 folds in 

algal consortia 1 at 75% and 100% of municipal wastewater concentration. 

Furthermore, cysteine content in consortia 1 was increased by 1.30-1.44 folds while 

1.55-2.38 folds in consortia 2 at 25-100% concentration of municipal wastewater. The 

results also exhibited an increase of 1.19 and 1.19 folds in proline content in algal 

consortia 1 and 2 treated at 100% wastewater concentration. Comparing different 

wastewater concentrations, the results exhibited that proline content decreased 

significantly upto 75% concentration of wastewater than control. Overall, consortia 

exposed to 20 W/m
2
 and 40 W/m

2
 showed differential responses towards different

concentrations of wastewater (25-100%). 

In the present investigation, the increased ascorbic acid accumulation may be 

responsible for growth, biosynthesis of hormones, photosynthetic process and 

acclimatization to unfavorable environmental conditions (Bartoli et al., 2017). 

Ascorbic acid may also assist in photo-protection by directly serving as antioxidants, 

sequester ROS, or as catalyst for enzymes of xanthophyll cycle which dissipate the 

excess light energy to prevent photo-inhibition (Bartoli et al., 2017). Therefore, 

accumulation of ascorbic acid under different light intensity may play indispensible 

role in photo-protection and against photo-oxidative damage. Similarly, proline 

protects enzymes, maintain osmo-regulation, stabilize synthesis of proteins and 

scavenge ROS, thereby encourage microalgae to adjust the intracellular mechanism 

under stressful environment (Liang et al., 2013). 
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Fig. 7.5 Alteration in non-enzymatic and enzymatic antioxidants in consortia 1 

and 2 treated with different wastewater concentrations (25-100%) and light 

intensities (20 W/mP

2
P, 40 W/mP

2
P) 

The increased production of proline maintains homeostasis; regulate osmotic 

as well as redox balance and mitigate the oxidative damage posed by different 
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environmental conditions (Ghosh et al., 2022). Moreover, the increased proline 

accumulation with wastewater and light intensity may be attributed to their active role 

in metal detoxification as well as antioxidant and signaling molecule inside the cell 

(Ghosh et al., 2022). Cysteine is also essential component of several proteins and acts 

as the precursor of antioxidants and defense compounds that ensure survival under 

unfavorable environmental conditions (Álvarez et al., 2012). The increased cysteine 

content with wastewater and light intensity may be important for proper functioning 

of chloroplast and play vital role in survival under long term exposure of light 

(Speiser et al., 2015). Furthermore, superior antioxidant potential in response to 

different light intensity and wastewater conditions suggested that both can be the 

effective external factor to modulate the defense responses in selected consortia. 

7.7.2 Enzymatic antioxidants 

In order to understand the ability of microalgae to resist the oxidative stress 

under light stress, the activity of the ROS scavenging antioxidants such as SOD, CAT 

and GR were examined in algal consortia 1 and 2. At 40 W/m
2
, consortia 2 showed an

increase of 1.34 folds in SOD activity at 25% concentration of wastewater. The 

results further depicted that SOD activity increased by 1.43, 1.05 and 1.46 folds in 

consortia 1 while 1.56, 1.57, and 1.42 folds in consortia 2 treated with 50%, 75% and 

100% concentration of wastewater, respectively. It was also observed that catalase 

activity was increased by 1.13, 1.43, 1.11 and 1.00 folds in consortia 1 at 25-100% 

wastewater concentration. In case of consortia 2, maximum increase of 1.14 and 1.83 

in catalase activity was found to be at 50% and 75% of wastewater concentration. The 

results also exhibited that consortia 2 showed decline in catalase activity at 25% and 

100% concentration of wastewater. Further, consortia 1 showed increased GR activity 
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at 100% (1.31 folds), followed by 75% (1.21), 50% (1.18 folds) and 25% (1.14 folds) 

wastewater concentration. Similarly, consortia 2 showed an increase of 1.23, 1.32, 

1.34, and 1.52 folds at 25%, 50%, 75% and 100% concentration of wastewater (Fig. 

7.5). At 20 W/m
2
, the results depicted an increase of 1.96, 3.44, 3.23 and 3.02 folds in

SOD activity in consortia 1 at different concentrations of municipal wastewater (25-

100%). Similarly, the consortia 2 showed an increase of 1.14, 1.47 and 1.27 folds in 

SOD activity at 50%, 75% and 100% concentration of wastewater. The results also 

showed an increase of 1.35, 1.75, 2.02 and 2.52 folds in catalase activity with 

consortia 1 at 25%, 50%, 75%, and 100% wastewater concentration while, with 

consortia 2, an increase of 1.43, 1.17 and 1.04 folds was observed at 50%, 75% and 

100% wastewater concentration. The results also depicted the an increase of 1.51, 

1.90, 1.35 and 1.80 folds in GR activity in consortia 1 while 1.58, 5.09, 3.83 and 2.51 

folds in case of consortia 2 at 25%, 50% 75% and 100% of municipal wastewater, 

respectively. 

Consortia exposed to varying light intensity may accelerate ROS generation 

through production of excessive electrons in electron transport chain (He et al., 2015). 

Milne et al., (2009) reported that exposure to higher light intensity elevates the 

superoxide and peroxide generation and the appropriate activity of SOD is necessary 

to reduce toxicity in microalgae (Deng et al., 2017). He et al., (2015) observed the 3-5 

folds increase in the activity of SOD under high light than low light indicating their 

involvement in the scavenging of light induced oxidative radicals. Therefore, in 

present study, the increased activity of SOD after treatment with wastewater under 

different light intensity in microalgae consortia ensure protection by scavenging of the 

superoxide radical and alleviate oxidative damage. Catalase has high hydrogen 
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peroxide specificity and degrades hydrogen peroxide in energy efficient manner as 

compared to other antioxidants. Catalase eliminates hydrogen peroxide through 

photo-respiratory oxidation, β-oxidation of fatty acids, and also with the assistance of 

other enzyme systems (Corpas et al., 2008). He et al., (2015) reported the increased 

catalase activity by 2.43- 2.53 folds in microalgae grown under high light than low 

light. Similarly, in present study, the significant increase in catalase activity observed 

under low as well as high light intensity could assist the selected algal consortia to 

neutralize the hydrogen peroxide concentration from the cell. Thus, enhancement in 

the activity of enzymatic antioxidants such as SOD and catalase at both light 

intensities may maintain the integrity of cellular structures and prevents lipid 

peroxidation by neutralizing the superoxide, hydro-peroxide and H2O2 level from the 

cell. Further, in present study, the increased activity of glutathione reductase (GR) 

with wastewater concentration and light intensity may ensure cell survival and 

increase tolerance towards photoxidative damage by modulation of redox potential of 

glutathione (Lin et al., 2018). GR imparts tolerance against stress conditions by 

maintaining the level of glutathione and sulfhydryl group containing compounds in 

the cell (Yousuf et al., 2012). Finally, the present investigation suggested that defense 

mechanisms in the form of different antioxidants play key role in sustaining growth of 

algal consortia by scavenging the excessive ROS and alleviate photo-inhibition under 

light stress (Zhang et al., 2017). Therefore, under different light intensity and 

wastewater concentrations, modification in the activity of antioxidants leads to great 

plasticity which makes algal consortia one of the superior and tolerant organisms for 

bio-removal of toxic metals with concurrent increment in biomass and lipid 

production. 
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Chapter-8 

Effect of different temperature regimes on 

removal efficiency, photosynthetic parameters 

and fatty acid profile of algal consortia 

8.0 Introduction 

Inadequate sanitation deteriorates environmental health and restricts the 

economic growth of the country (WHO & UNICEF, 2010). The clean environment is 

necessary for living organisms and healthy environment requires 50-80% reduction of 

carbon dioxide from the atmosphere and 50% enhancement in the water and energy 

resource availability (Ng et al., 2017). The 2030 Agenda has identified improvement 

in water quality as important goal for sustainable development of different member 

countries (Lutzu et al., 2020).  As per the statistical report of 2014, 3700 billion m
3 
of

the freshwater was consumed globally for different human activities and majority of 

water is disposed as wastewater (Diniz et al., 2017). Wastewater frequently contains 

inorganic and organic compounds which can directly pose serious problems to aquatic 

organisms and indirectly deteriorate human health by interacting with food chain. 

Wastewater enriched with diverse contaminants adversely influence the water quality 

parameters and makes it unfit for different organisms (Lutzu et al., 2020). Several 

wastewater treatment techniques have been adopted but drawbacks associated with 

such system have restricted their use for wastewater remediation. 

Due to environmental-friendliness, bioremediation through bacteria, plants, 

microalgae, and fungi seems viable alternative over conventional treatment methods 

(Leong and Chang, 2020). Microalgae have exceptional characteristics such as small 

size, large surface area, high photosynthetic efficiency and ability to grow under 
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variety of stressful conditions as compared to plants, bacteria and fungi (Cameron et 

al., 2018). Different environmental factors such as light intensity, light duration and 

temperature during affects the remediation efficiency. Additionally, such external 

factors greatly influence the growth profile, lipid and biomass yield of microalgae 

(Saranya and Shanthakumar, 2020). 

Among different stimuli, temperature is an important external variable that 

influence the algal growth by affecting the rate of chemical reactions, diffusion 

through cell membrane, electron transport chain as well as activity of enzymes 

(Nogueira et al., 2015). Temperature strongly influences the metabolic activities, 

macromolecular composition, photosynthetic process as well as absorption and 

consumption of energy (Ferro et al., 2018). Microalgae have ability to adapt under 

wide range of temperature however; the response to stress conditions depends upon 

their origin (de Boer et al., 2005). An optimum temperature of 15–25° C for prolific 

growth has been observed in different species of microalgae (Singh and Singh, 2015). 

Ma et al., (2017) observed that lipid productivity of microalgae was maximum at 

room temperature (25° C) as compared to lower temperature (4° C, 10° C, and 15° C). 

The continuous rise in temperature and the future prediction of further 

enhancement in global temperature, it become critically important to understand the 

responses adopted by different organisms against heat stress (Légeret et al. 2016). 

Algae may possess several adaptive and acclimation mechanism to survive under the 

high temperature stress. The tolerance mechanism involves different ion transporters, 

compatible solutes, heat shock proteins, antioxidants and several other factors 

responsible for signaling cascades and control of transcription are stimulated to 

mitigate the heat stress induced biochemical as well as physiological alterations 

(Hasanuzzaman et al., 2013). Fluctuation in temperature occurs more frequently under 

https://www.sciencedirect.com/science/article/pii/S0960852420301553#b0080
https://www.sciencedirect.com/science/article/pii/S0960852420301553#b0080
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natural environment and mixing different microalgae species may address the 

problem by acting as the rigid system under different environmental conditions. The 

flexibility of algal consortia to adapt under different temperature conditions can 

represent the long term solution for future large scale outdoor cultivation. Thus, 

screening algal consortia that withstand wide temperature ranges can play key role in 

the large scale outdoor cultivation. The present investigation relied on the hypothesis 

that increased temperature may accelerate the remediation efficiency along with lipid 

and biomass synthesis. The study was expected to provide insight related to 

biochemical alteration and defense responses of algal consortia in response to climate 

change (Xing et al., 2022). Therefore, the effect of different temperature regimes on 

algal physiology, biomass composition, lipid production, antioxidants defense system 

and biofuel production was analyzed along with growth and chlorophyll fluorescence 

as the prime indicators of the tolerant and productive microalgae. Thus, the 

fundamental studies on removal efficiency, biomass production, chlorophyll 

fluorescence, defense responses and biofuel production will be realistic approach for 

screening of the algal species adaptable to different temperature regimes. 

8.1 Results and discussion     

8.1.1 Physico-chemical attributes of treated wastewater 

At 20˚ C, it was observed that pH of wastewater increased by 15.64% and 

20.00% with consortia 1 and 2 at 25% concentration of wastewater. At 50% and 75% 

wastewater concentration, an increase of 18.62% and 19.32% in pH was found to be 

with consortia 1 while, 28.55% and 24.34% with consortia 2 respectively. The pH 

value was also increased with consortia 1 (24.86%) and consortia 2 (23.02%) at 100% 

concentration of municipal wastewater. At 40˚ C, the results showed the highest 

increase of 17.76% and 24.73% in pH with consortia 1 and 2 at 50% concentration of 
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wastewater. The result also showed the lowest increase in pH with consortia 1 

(5.26%) and consortia 2 (7.89%) at 100% concentration of municipal wastewater 

(Table 8.1). The increment in pH value could be attributed to intensive algal growth 

resulting in recovering of dissolved inorganic carbon from wastewater (Delgadillo-

Mirquez et al., 2016). Furthermore, the alkaline pH value of wastewater after 

treatment may be ascribed to the utilization carbon dioxide, carbonate and 

bicarbonates from wastewater by algal consortia (Iasimone et al., 2018). 

At 20˚ C, highest decrease in EC (87.38%), TSS (86.33%), TDS (90.55%) and 

TS (88.57%) was shown by consortia 2 at 25% of municipal wastewater. The results 

also depicted that consortia 1 (64.06-79.13%) showed the maximum removal 

efficiency  for EC, TDS, TSS and TS at 50% and 75% wastewater concentration as 

compared to consortia 2 (58.52-78.07%). At 100%, consortia 1 showed the removal 

efficiency of 61.21%, 53.09%, 74.17% and 57.30% whereas consortia 2 of 53.50%, 

46.36%, 71.71% and 50.21% for EC, TDS, TSS and TS, respectively. Similarly, the 

level of BOD with algal consortia 1 was observed to decrease by 85.23%, 73.38%, 

70.71% and 64.75% while 84.22%, 72.85%, 67.76%, and 60.00% with algal consortia 

2 at different municipal wastewater concentrations (25%-100%). At 40˚ C, the highest 

decline of 87.73% and 89.07% for EC and TSS was observed with consortia 1 while 

91.18% and 89.20% for TDS and TS with consortia 2 treated with 25% concentration 

of wastewater. Further, consortia 1 showed maximum removal efficiency of 78.62%, 

82.20%, 83.95% and 83.33% for EC, TDS, TSS and TS at 50% wastewater 

concentration while 57.12%, 67.96% and 63.46% for EC, TDS and TS at 75% 

concentration of wastewater, respectively. At 100% wastewater concentration, the 

highest reduction of 50.11%, 48.98% and 49.33% for EC, TDS, and TS was also 

observed with consortia 1. In case of BOD, the decline of 88.92%, 78.42%, 67.02% 
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and 52.22% while 86.99%, 78.80%, 60.98% and 47.17% was observed with consortia 

1 and 2 at different wastewater concentrations (Table 8.1). In this study, the removal 

of nutrients by selected consortia from wastewater could be responsible for decreased 

EC, TDS and BOD level of wastewater. Balaji et al., (2016a) also observed that due 

to the presence of several reactive groups on cell surface, microalgae form complexes 

with nutrients and pollutants leading to flocculation which eventually results in the 

decline of dissolved solids and suspended solid from wastewater. At 20˚ C and 40˚ C, 

the selected consortia showed highest DO level at 25% with subsequent decline at 

higher wastewater concentrations. At 40˚ C, the highest increase in DO was observed 

upto 50% concentration of wastewater with selected algal consortia and thereafter the 

significant decline in DO level was at 40˚ C as compared to 20˚ C. The increased DO 

level at different concentration of wastewater may be attributed to enhanced activity 

of microalgae in the form of cell growth, cell number, chlorophyll synthesis and 

photosynthetic rate. Thus, higher removal efficiency and increased DO content at 

different wastewater concentration under 20˚ C and 40˚ C could be attributed to less 

metal pollutants, lower cellular toxicity as well as proper cell growth of consortia 1 

and 2. 

8.1.2 Nitrogen and phosphorus removal from municipal wastewater 

At 20˚ C, consortia 1 showed the highest nitrate nitrogen removal at 25% 

(89.96%), 50% (75.55%), 75% (78.65%) and 100% (72.59%) concentration of 

wastewater. In case of consortia 2, the removal efficiency of 88.94%, 78.19%, 

76.59% and 68.70% was observed at different wastewater concentration (25-100%). 

Similarly, the consortia 2 showed the highest decline of 93.13% and 90.91% in 

phosphorus content at 25% and 50% of municipal wastewater whereas, 88.70% and 

85.90% with consortia 1 at 75% and 100% wastewater concentration. At 40˚ C, the 
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maximum nitrate-nitrogen removal in case of consortia 2 (97.57%) was found to be at 

25% of municipal wastewater concentration while, with consortia 1 at 50% (90.21%), 

75% (73.84%) and 100% (66.62%) wastewater concentration. The results also 

revealed that consortia 2 showed highest phosphorus removal efficiency at 25% 

(96.61%) and 50% (93.90%) concentration of wastewater. In case of consortia 1, the 

removal efficiency of 81.72% and 80.16% was found to be at 75% and 100% 

concentration of wastewater (Table 8.1). The results of the study also depicted that 

remediation efficiency was excellent in wastewater treated by consortia 1 at 20˚ C and 

40˚ C as compared to consortia 2. Moreover, both algal consortia showed maximum 

remediation efficiency upto 50% wastewater concentration at 40˚ C as compared to 

20˚ C. In the present study, different temperature regimes affect the metabolic rate, 

bio-adsorption process and growth profile of algae which ultimately leads to 

differential nutrients removal from wastewater. Delgadillo-Mirquez et al., (2016) also 

reported that nutrient removal and algal growth is considerably effected by 

temperature. The higher nutrients remediation efficiency by selected consortia at 40˚ 

C could be attributed to increased cell proliferation leading to the elevated uptake of 

nutrient resource from wastewater. Furthermore, the excellent nutrient removal 

efficiency could be attributed to biosorption and the nutrients recovered are utilized to 

accomplish metabolic activities and surplus energy is stored as lipids/carbohydrate in 

algae (Sharma et al., 2020). The subsequent decline in nutrient level of wastewater 

could be attributed to utilization of organic and inorganic compounds by algal 

consortia for its prolific growth (Mohsenpour et al., 2021). Overall, the excellent 

removal efficiency could be ascribed to increased metabolic activity triggered by 

higher temperature conditions (40˚ C). 

https://www.sciencedirect.com/science/article/pii/S0045653521021287#bib37
https://www.sciencedirect.com/science/article/pii/S0045653521021287#bib85
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Table 8.1 Percentage change in physico-chemical attributes of wastewater treated with consortia 1 and 2 at temperature regimes of 20˚ 

C and 40˚ C  

Parameters Initial 

concentration 

WW Consortia-1 Consortia-2 

20˚ C 
% 

change 
40˚ C 

% 

change 
20˚ C 

% 

change 
40˚ C 

% 

change 

pH 7.6 

Control 8.82±0.200 13.83 8.43±0.156 10.92 8.95±0.225 17.76 8.62±0.145 13.42 

25% 9.01±0.163 15.65 8.23±0.119 8.29 9.12±0.225 20.00 8.63±0.155 13.55 

50% 9.34±0.298 18.63 8.95±0.114 17.76 9.77±0.276 28.55 9.48±0.195 24.74 

75% 9.42±0.240 19.32 8.52±0.218 12.11 9.45±0.312 24.34 8.85±0.116 16.45 

100% 9.49±0.116 24.87 8.00±0.283 5.26 9.35±0.244 23.03 8.20±0.125 7.89 

EC (µS/cm) 856 

Control 3.68±0.071 99.57 3.12±0.078 99.64 3.23±1.12 99.62 2.86±1.09 99.67 

25% 125±7.174 85.40 105±8.029 87.73 108±10.74 87.38 128±8.54 85.05 

50% 254±8.590 70.33 183±13.01 78.62 228±8.59 73.36 210±9.88 75.47 

75% 224±8.044 73.83 367±10.14 57.13 398±9.83 58.53 398±9.72 53.50 

100% 332±7.325 61.21 427±11.67 50.12 355±8.34 53.50 470±10.96 45.09 

TDS 550 

Control 1.86±0.260 99.68 1.48±0.212 99.75 1.62±0.195 99.73 1.20±0.123 99.80 

25% 75±6.94 87.29 64±6.12 89.15 55.73±3.21 90.55 52.0±1.98 91.19 

50% 135±9.07 77.12 105±4.10 82.20 152±5.01 74.24 111±2.34 81.19 

75% 212±7.95 64.07 189±7.34 67.97 239±6.12 59.49 235±4.56 60.17 

100% 258±9.58 56.27 301±9.12 48.98 295±8.23 50.00 359±8.89 39.15 

TSS 167 

Control 1.45±0.050 99.21 1.12±0.073 99.39 1.68±0.049 99.08 1.18±0.088 99.36 

25% 26.33±2.06 85.61 20±1.34 89.07 25±1.22 86.34 27±1.45 85.25 

50% 43±2.87 76.50 29.37±1.76 83.95 47.34±1.89 74.13 34.23±1.32 81.30 

75% 38.19±3.12 79.13 78±3.67 57.38 40.12±1.45 78.08 67±2.54 63.39 

100% 43.12±2.14 76.44 93±3.22 49.18 47.23±1.09 74.19 81±2.89 55.74 
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TS 705 

Control 4.12±0.94 99.41 3.32±0.45 99.52 3.40±0.63 99.51 2.76±0.37 99.60 

25% 105±3.04 86.00 93±2.45 87.60 85.67±1.95 88.58 81±1.33 89.20 

50% 185±3.92 75.33 125±3.76 83.33 192±3.21 74.40 160.23±2.68 78.64 

75% 250±5.12 66.67 274±4.34 63.47 290±3.82 61.33 284±3.54 62.13 

100% 301±5.95 59.87 380±5.34 49.33 351±4.59 53.20 435±5.56 42.00 

BOD 57.23 

Control 0.716±0.068 98.75 0.586±0.051 98.98 0.843±0.056 98.53 0.506±0.065 99.12 

25% 8.45±0.261 85.24 6.34±0.179 88.92 9.03±0.290 84.22 7.44±0.454 87.00 

50% 15.23±0.909 73.39 12.35±0.225 78.42 15.69±1.668 72.58 12.13±1.223 78.80 

75% 16.76±1.611 70.71 18.87±1.793 67.03 18.45±1.304 67.76 22.33±1.481 60.98 

100% 20.17±2.56 64.76 27.34±3.013 52.23 22.89±2.113 60.00 30.23±1.847 47.18 

DO - 

Control 6.87±0.676 - 7.12±0.598 - 7.01±0.501 - 7.27±0.432 - 

25% 4.37±0.276 - 5.01±0.195 - 4.93±0.233 - 5.34±0.378 - 

50% 2.56±0.202 - 2.66±0.278 - 3.01±0.412 - 3.67±0.156 - 

75% 1.23±0.115 - 0.823±0.056 - 1.02±0.078 - 0.783±0.032 - 

100% 0.567±0.040 - 0.344±0.029 - 0.454±0.033 - 0.297±0.020 - 

NO3-N 43.24 

Control 0.834±0.054 98.07 0.462±0.014 98.93 0.912±0.038 97.89 0.374±0.029 99.14 

25% 4.34±0.705 89.96 1.42±0.578 96.72 4.78±0.514 88.95 1.05±0.567 97.57 

50% 10.57±1.45 75.56 4.23±0.613 90.22 9.43±1.18 78.19 5.38±0.756 87.56 

75% 9.23±0.756 78.65 11.31±1.78 73.84 10.12±0.856 76.60 1.02±0.093 64.94 

100% 11.85±0.934 72.59 14.43±1.24 66.63 13.53±1.49 68.71 17.34±1.81 59.90 

PO4
3-

16.74 

Control 0.523±0.044 96.88 0.212±0.016 98.73 0.402±0.043 97.60 0.301±0.052 98.20 

25% 1.23±0.077 92.65 0.878±0.054 94.76 1.15±0.098 93.13 0.567±0.071 96.61 

50% 1.89±0.101 88.71 1.54±0.132 90.80 2.67±0.213 84.05 93.91 

75% 2.23±0.149 86.68 3.06±0.241 81.72 1.52±0.123 90.92 3.33±0.273 80.11 

100% 2.36±0.124 85.90 3.32±0.190 80.17 3.02±0.278 81.96 4.35±0.512 74.01 
WW: Wastewater, All values are in mg/L, otherwise mentioned 
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8.1.3 Heavy metals removal from wastewater 

Temperature affects the toxico-kinetics of different heavy metals which 

eventually have significant effect on removal efficiency and bioaccumulation 

potential of microalgae. The heavy metals (µg/L) such as Fe (1555.74±11.26 µg/L), 

Cu (7.20±0.074), Pb (6.86±1.12), Ni (13.43±0.953), Zn (12.76±0.968) Cr 

(6.46±0.454), Cd (5.19±0.345), As (0.42±0.065) were observed in municipal 

wastewater collected from Lucknow. 

At 20˚ C, highest removal of 92.44% (Zn), 86.28% (Ni), 85.45% (Cr), 84.25% 

(As), 83.26% (Pb) was observed in case of consortia 1 while 94.56% (Fe), 86.26% 

(Cu), 82.78% (Cd) in case of consortia 2 at 25% concentration of municipal 

wastewater. At 50% municipal wastewater concentration, consortia 1 showed highest 

removal efficiency of 88.92% (Fe), 80.98% (Ni), 80.26% (Pb), 77.34 (Cu), 75.15% 

(As) and 85.45% (Zn), 74.15% (Cd), 72.02% (Cr) in case of consortia 2. The results 

also revealed that consortia 1 treated with 75% concentration of wastewater showed 

maximum removal efficiency of 80.17% (Fe), 72.89% (Ni), 72.45% (Zn), 70.45% 

(Pb), 66.82% (Cd), 64.19% (Cu), 62.19% (Cr) and 60.20% (As). At 100% 

concentration of wastewater, the remediation efficiency of 65.78% (Zn), 55.98% 

(Cu), 55.34% (Pb), 52.89% (Cd), 46.71% (As) and 73.41% (Fe), 64.76% (Ni), 

50.76% (Cr) was observed with consortia 1 and 2, respectively. At 40˚ C, the removal 

efficiency of 98.34%, 90.21%, 90.13%, 89.56% and 86.43% for Fe, Ni, Cu, As and 

Pb was observed with consortia 1 whereas, consortia 2 removed 97.23%, 91.34% and 

84.76% of Zn, Cd, and Cr at 25% concentration of municipal wastewater. At 50% 

concentration of wastewater, consortia 1 showed maximum remediation efficiency for 

Pb (83.26%), Cd (82.12%), Cu (80.34%), Cr (75.45%) and As (78.23%). It was found 
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Fig. 8.1 Effect of different temperature regimes on the metal remediation 

efficiency of algal consortia treated with different wastewater concentrations 

that consortia 2 removed 88.19%, 77.57%, 72.23% and 67.34% of Zn, Cd, Cu and As 

while consortia 1 removed 85.23%, 77.37%, 73.45% and 70.89% of Fe, Ni, Pb and Cr 

from 75% of wastewater concentration. The results further exhibited that consortia 1 

showed highest removal efficiency for Fe (77.67%), As (64.62%), Cr (62.88%), Cd 

(60.78%), while consortia 2 for Zn (80.56%), Ni (74.59%), Cu (63.62%) and Pb 

(66.23%) at 100% wastewater concentration (Fig. 8.1). The results further revealed 
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that selected consortia 1 and 2 showed efficient removal efficacy for different heavy 

metals. The excellent removal efficiency could be attributed to adsorption of 

positively charged metals to negative charged functional groups. Pradhan et al., 

(2019) also observed that adsorption of heavy metals to cell surface of microalgae can 

occur due to ion exchange, binding with uronic acid and covalent bond formation 

between cell surface and heavy metals. The results further exhibited that remediation 

efficiency of selected consortia was highest at 40˚ C as compared to 20˚ C which 

could be attributed to abundance of binding sites on cell surface or enhanced synthesis 

of metal cheating protein by algal consortia. Meena et al., (2005) reported that 

temperature elevates the bio-adsorption process by either enhancing the binding sites 

or suppress the thickness of cell wall which makes metals approachable to different 

binding sites on the cell surface. Furthermore, the increase in pH after wastewater 

treatment with algal consortia may augment the net negative charge and facilitates the 

removal of metal from wastewater. 

8.2 Effect of temperature regimes and wastewater concentration on growth and 

biomass production of algal consortia 

The growth and biomass production is greatly affected by different factors 

such as media composition, light intensity, light duration and temperature. 

Temperature during the cultivation of microalgae is the major factor that determines 

the rate of chemical reactions occurring in the cell. It was observed that selected 

consortia grown under 40˚ C showed accelerated growth up to 7
th

 day thereafter a

decline in growth was observed as compared to 20˚ C. At 20˚ C, the maximum growth 

as well as specific growth rate was found to be at 100% of wastewater concentration, 

whereas under 40˚ C, the selected consortia showed maximum growth potential at 

50% wastewater concentration (Fig. 8.2). 
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Fig 8.2 Growth profile of consortia 1 and 2 treated with wastewater concentrations (25-

100%) under different temperature regimes (20˚ C, 40˚ C) 

The subsequent increase in the growth at 20˚ C may be credited to favourable 

temperature condition during the cultivation of algal consortia 1 and 2. The results 

also depicted that 75% and 100% concentration of wastewater inhibited the growth of 

consortia 1 and 2 after treatment at 40˚ C. The inhibited growth may be ascribed to 

interruption of metabolic processes and cessation of cell proliferation by irreversible 

inactivation of enzyme (Brindhadevi et al., 2021). It was observed that biomass 

production enhanced with concentration gradient in consortia 1 and 2 at 20˚ C. The 

results depicted the highest biomass production with consortia 1 (890 mg/L) grown in 

BG-11 media at 20˚ C while, consortia 2 (1270 mg/L) at 40˚ C. At 20˚ C, the biomass 

production of 950 mg/L, 1380 mg/L, and 1720 mg/L was observed with consortia 1 at 

25%, 50%, and 100% while, 1490 mg/L with consortia 2 at 75% wastewater 

concentration, respectively. Similarly at 40˚ C, the maximum biomass production of 

1280 mg/L, 2010 mg/L, 1550 mg/L  and 1830 mg/L was observed with consortia 2 at 
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25%, 50%, 75% and 100% municipal wastewater concentration (Table 8.2). 

Interestingly, biomass production of selected consortia treated with 50% wastewater 

was increased significantly which indicated that consortia 1 and 2 have potential to 

tolerate the higher temperature conditions. Earlier reports revealed that microalgae 

cultivated at higher temperature (35˚ C) showed decline in biomass production by 

30% which could be attributed to temperature induced damage to microalgae 

(Subhash et al., 2014). However, in the present investigation, enhancement in biomass 

production with temperature was observed with consortia 1 and 2 upto 50% while 

decreased biomass production at 75% and 100% wastewater concentration. The 

decrease in the biomass production with temperature may be attributed to low 

solubility of carbon dioxide (Raeesossadati et al., 2014) or toxicity imposed by higher 

temperature and wastewater concentrations. 

Table 8.2 Effect of different temperature and municipal wastewater 

concentrations on specific growth rate and biomass production of consortia 1 

and 2 

Wastewater 

concentration 

Specific growth rate Biomass Production mg/L 

20˚ C 40˚ C 20˚ C 40˚ C 

Consortia-1 

Control 0.024±0.004
a

0.029±0.003
ab

890±5.12
a

1180±8.23
b

25% WW 0.033±0.005
bc

0.043±0.005
d

950±5.78
a

1250±10.23
b

50% WW 0.029±0.002
ab

0.060±0.006
f

1380±8.17
c

1755±15.12
e

75% WW 0.032±0.006
bc

0.038±0.005
c

1160±9.23
b

1270±12.67
b

100% WW 0.040±0.007
d

0.047±0.009
d

1720±12.12
d

1520±14.23
c

Consortia-2 

Control 0.027±0.006
a

0.034±0.008
bc

830±6.23
a

1270±12.34
b

25% WW 0.030±0.008
b

0.051±0.011
e

945±7.12
a

1280±8.45
b

50% WW 0.035±0.006
bc

0.064±0.012
f

1300±7.45
c

2010±14.23
f

75% WW 0.020±0.002
a

0.043±0.006
d

1490±10.23
cd

1550±12.19
c

100% WW 0.038±0.007
d

0.046±0.010
d

1630±11.56
d

1830±17.43
e
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8.3  Effect on pigment composition and photosynthetic performance 

Temperature alters several physiological processes by either increasing or 

decreasing the biochemical reactions occurring in different cellular compartments 

(Van Wagenen et al., 2012). At 20˚ C, an increase of 1.35, 1.54, 2.00 and 2.70 folds in 

total chlorophyll content was observed with consortia 1 while 1.25, 1.64, 2.46 and 

5.35 folds with consortia 2 at 25%, 50%, 75% and 100% concentration of wastewater 

(Table 8.3). At 40˚ C, consortia 1 showed highest increase of 1.78 and 2.29 folds in 

total chlorophyll content at 25% and 50% concentration of wastewater. In case of 

consortia 2, the highest increase in total chlorophyll content was at 75% (1.17 folds) 

while decreased chlorophyll synthesis was found to be in selected consortia at 100% 

concentration of municipal wastewater. This study also depicted that total chlorophyll 

declined significantly at higher temperature (40˚ C) and wastewater concentration 

(100%) in both algal consortia. The decreased total chlorophyll content at higher 

wastewater concentration in heat stressed cells at 40˚ C could be attributed to 

interference in electron transport of photosynthetic system, damage to chlorophyll 

biosynthesis machinery and photosynthetic efficiency of consortia (Chokshi et al., 

2020). Ras et al., (2013) observed that the declined growth and photosynthesis may be 

ascribed to imbalance between energy demand and production as well as inactivation 

of enzymes involved in the process of photosynthesis. The results also revealed that 

total chlorophyll content increased at different concentration of wastewater in selected 

consortia at 20˚ C while at 40˚ C, the enhancement was observed upto 50% and 75% 

wastewater concentration in consortia 1 and 2, respectively. The increased chlorophyll 

content could also be attributed to suitable quantity of essential trace elements 

in  wastewater  which  play  indispensible  role  in  different  physiological  as  well as 
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Table 8.3 Effect of different temperature regimes (20˚ C, 40˚ C) and wastewater concentrations (25%-100%) on total chlorophyll (mg g
-1

fw), carotenoids (mg g
-1

 fw), protein (mg g
-1

 fw), carbohydrate (mg L
-1

 fw), lipid (mg L
-1

 fw), TBARS (μmol g
-1

 fw) and H2O2 (μmol g
-1

fw) in consortia 1 and 2 

WW 

Concent

-rations 

A
lg

a
l 

co
n

so
rt

ia
 

Total 

chlorophyll 
Carotenoids Protein  Carbohydrate Lipid TBARS H2O2 

Control 

C
o

n
so

rt
ia

 -
1

 

0.0031±0.0003 0.012±0.001
b

0.0020±0.001
b

13.45±2.32
a

0.192±0.011
b

1.79±1.20
a

3.44±0.066
ab

25% 0.0042±0.0001 0.017±0.008
a

0.0031±0.002
b

22.89±1.61
c

0.220±0.023
a

4.88±0.865
c

5.16±0.360
c

50% 0.0048±0.0002 0.020±0.001
bc

0.0037±0.003
d

26.09±2.51
d

0.226±0.008
b

7.59±1.05
e

5.59±0.640
c

75% 0.0062±0.0003 0.019±0.001
b

0.0051±0.001
c

24.89±1.69
f

0.249±0.017
bc

6.02±1.34
d

10.81±1.11
e

100% 0.0084±0.0002 0.021±0.008
b

0.0089±0.001
e

21.16±1.29
d

0.235±0.007
bc

9.78±1.15
g

11.60±0.92
f

Control 

C
o
n

so
rt

ia
-2

 

0.0028±0.0001
a

0.019±0.001
a

0.0034±0.0001
a

11.12±0.434
b

0.156±0.012
b

2.12±0.078
ab

2.87±0.520
a

25% 0.0035±0.0007
ab

0.064±0.004
a

0.0039±0.0003
a

18.49±0.744
d

0.161±0.007
a

4.05±0.093
c

6.12±0.580
d

50% 0.0046±0.0003
c

0.053±0.003
a

0.0044±0.0005
b

28.72±2.04
e

0.187±0.004
d

7.62±0.42
e

5.16±0.377
c

75% 0.0069±0.0009
c

0.048±0.005
b

0.0054±0.0003
b

23.69±1.92
f

0.230±0.011
b

8.12±0.76
f

11.73±0.905
f

100% 0.015±0.0008
c

0.038±0.008
a

0.0072±0.0007
c

17.69±0.823
f

0.204±0.008
bc

11.06±0.84
h

17.09±1.48
g
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Control 

C
o
n

so
rt

ia
-1

 

0.0037±0.0002
a

0.018±0.007
a

0.0043±0.0005
a

26.28±1.13
a

0.264±0.014
b

3.76±1.04
a

6.60±0.470
a

25% 0.0066±0.0006
ab

0.019±0.009
a

0.0060±0.0003
b

29.88±1.24
e

0.313±0.014
b

7.69±1.19
b

11.49±0.630
b

50% 0.0085±0.0003
c

0.020±0.008
c

0.0074±0.0003
c

30.83±1.57
bc

0.326±0.020
e

9.33±1.32
c

17.74±0.659
d

75% 0.0017±0.0002
d

0.024±0.003
a

0.0066±0.0002
f

27.31±1.14
f

0.405±0.012
d

15.56±1.40
d

20.32±1.24
e

100% 0.0012±0.0003
d

0.026±0.008
d

0.0052±0.0002 22.51±1.09
bc

0.390±0.013
c

22.15±1.28
e

27.74±1.76
f

Control 

C
o
n

so
rt

ia
-2

 

0.0041±0.0001
ab

0.015±0.001
a

0.0035±0.0003
c

29.65±1.07
b

0.197±0.018
a

3.47±0.280
a

5.87±0.450
a

25% 0.0064±0.0001
bc

0.024±0.001
b

0.0048±0.0004
c

30.12±1.29
d

0.210±0.020
a

6.29±0.312
b

10.09±0.620
b

50% 0.0092±0.0005
e

0.030±0.002
d

0.0087±0.0003
e

33.16±1.40
e

0.236±0.022
d

10.34±0.789
c

14.34±0.913
c

75% 0.0048±0.0002
d

0.032±0.003
c

0.0051±0.0004
d

27.96±1.31
bc

0.264±0.029
f

18.14±0.567
d

25.69±2.63
f

100% 0.0038±0.0005
e

0.024±0.004
a

0.0032±0.0002
c

24.89±1.51
a

0.260±0.032
f

25.41±0.723
ef

31.29±3.85
g
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biochemical processes such as growth, photosynthetic efficiency, electron transport 

chain, chlorophyll and metabolite biosynthesis (Jalmi et al., 2018). In present study, 

the increased total chlorophyll content may be credited to excellent photosynthetic rate, 

electron transport and less oxidative damage posed by low temperature as compared to 

high temperature conditions.  Pigments perform multiple functions in the cell such as 

harvesting of light, scavenging of ROS, energy dissipations as well as stabilization of 

cellular structures (Mulders et al., 2014). At 20˚ C, consortia 2 showed the highest 

increase of 3.36, 2.78, 2.52 and 2.00 folds in carotenoid content at 25-100% of 

municipal wastewater concentration. At 40˚ C, consortia 2 further showed the 

maximum increase of 1.60, 2.00, 2.13 and 1.60 folds in carotenoids at municipal 

wastewater concentration ranging from 25-100% (Table 8.3). Markou and Nerantzis, 

(2013) reported that carotenoid synthesis is affected by temperature and their 

accumulation in the cell is elevated by ROS generation. The present study depicted 

that temperature along with different wastewater concentrations increased carotenoid 

synthesis in consortia 1 and 2. The increased accumulation of carotenoid under 

different operational condition might protect the microalgae from oxidative stress. Das 

and Roychoudhury, (2014) also observed that carotenoids prevent oxidative damage to 

photosynthetic apparatus by reducing the formation of 
1
O2 and also helps in dissipating

surplus excitation energy in the form of heat. Therefore, the carotenoid accumulation 

in consortia 1 and 2 might be attributed to defensive responses adopted by microalgae 

to prevent cellular damage instigated by different wastewater concentrations and 

temperature regimes.  

The adequate assessment of metabolic processes is important to examine the 

behaviour of microalgae exposed to different stress conditions. The chlorophyll 

fluorescence assists to estimate the physiological status of photosynthetic apparatus in 

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01443/full#B35
https://www.sciencedirect.com/science/article/pii/S0168165621001693#bib0130
https://www.sciencedirect.com/science/article/pii/S0168165621001693#bib0105
https://www.sciencedirect.com/science/article/pii/S0168165621001693#bib0105
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algal consortia. The changes in photosynthetic fluorescence is directly or indirectly 

related to ATP synthesis, photolysis of water, transport of electron in electron transport 

chain and pH gradient across thylakoid membrane. At 20˚ C, the results showed  that 

active  photosystem  II reaction centre (Fv/Fo) increased by 3.57, 2.42,  1.97 and 1.30 

folds while quantum yield (Fv/Fm) was increased by 2.29, 1.94, 1.78 and 1.21 folds in 

consortia 1 at 25%, 50%, 75% and 100% concentration of wastewater. In case of 

consortia 2, an increase of 1.11 and 1.10 folds in Fv/Fo while 1.08 and 1.01 folds in 

Fv/Fm was found at 25% and 75% wastewater concentration, respectively (Table 8.4). 

The Mo values was observed to decrease significantly with wastewater concentration 

in consortia 1 while in consortia 2, an increase was observed at 50% (1.52 folds), 75% 

(1.40 folds) and 100% (1.25 folds) of wastewater concentration. It was also observed 

that performance index (Piabs) value increased by 35.51, 27.31, 6.68 and 3.05 folds in 

consortia 1 at different wastewater concentrations whereas, consortia 2 showed an 

increase of 1.67 folds at 25% wastewater concentration. The ABS/RC and TRo/RC 

ratio in consortia 1 showed an increase of 1.32 and 1.61 folds at 100% wastewater and 

significantly declined at 25-75% concentration of municipal wastewater. The ETo/RC 

in consortia 1 was also increased by 1.23, 1.32, 1.34 and 1.36 folds at 25%, 50%, 75% 

and 100% concentration of municipal wastewater. Similarly, in consortia 2, the 

significant increase in ABS/RC (1.09-1.38 folds), TRO/RC (1.07-1.30 folds), and 

ETo/RC (1.15-1.23 folds) was found to be at 25-100% of municipal wastewater (Table 

8.4). 

At 40˚ C, the ratio of Fv/Fo was enhanced by 1.38, 1.43 and 1.06 folds while, 

Fv/Fm ratio by 1.19, 1.20, and 1.03 folds in consortia 1 treated with 25%, 50% and 

100% of wastewater concentration in comparison to untreated consortia. In consortia 2, 
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an increase of 1.51 (Fv/Fo) and 1.23 folds (Fv/Fm) was observed at 25%, thereafter, 

the decline in Fv/Fo as well as Fv/Fm was observed with increasing concentration 

gradient. The results further depicted that Mo value increased after treatment of 75% 

(1.19 folds) and 100% (1.07 folds) wastewater concentration to consortia 1 whereas, 

consortia 2 showed increment at 50% (1.15 folds), 75% (1.14 folds) and 100% (3.63 

folds) of wastewater concentration. It was also found that Piabs value was increased by 

2.23 folds in consortia 2 at 25% while 4.45, 3.43, and 1.07 folds in consortia 1 at 25%, 

50% and 100% wastewater concentration. ABS/RC ratio was increased by 1.41, 1.16, 

1.55 and 6.38 folds with wastewater concentration gradient in consortia 2 while, in the 

case of consortia 1, an increase of 1.57 and 1.16 folds was observed at 75% and 100% 

of wastewater concentration. The TRO/RC ratio was also found to increase in consortia 

1 after treatment with 75% (1.11 folds) and 100% (1.21 folds) of wastewater 

concentration. Similarly, consortia 2 showed an increase in TRO/RC ratio at 25% (1.75 

folds) and 100% (2.31 folds) of wastewater concentration.  Consortia 1 also showed an 

increase of 1.09, 1.08 and 1.26 folds in ETo/RC ratio at 50%, 75% and 100% 

wastewater concentration while in consortia 2, an increase of 2.01 and 1.86 folds was 

observed at 25% and 100% concentration of wastewater, respectively (Table 8.4). 

Microalgae exposed to different temperature alter the quantum yield and 

primary electron transport that eventually affects the photosynthetic performance of 

microalgae. Fv/Fo represents number of oxygen evolving reaction centres thus 

estimates the photosynthetic capacity of microalgae (Vadiveloo et al., 2013). The 

highest increment in Fv/Fo at lower concentration of wastewater could be attributed to 

excellent photosynthetic performance of consortia. The Fv/Fm ratio serves as the 

important indicator of photosynthetic performance and also measure the potential of 

PSII  to  absorb  light energy for  photosynthesis (Qiao et al., 2015). Fv/Fm  is also an 

https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0275
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Table 8.4 Changes in photosynthetic performance of algal consortia 1 and 2 

cultivated in municipal wastewater under temperature regimes of 20˚ C
 
and

 
40˚ C 

appropriate indicator of stress condition during the growth of photosynthetic 

organisms (Zobayed et al., 2005). The significant decline in Fv/Fm value in consortia 

2 above 25% wastewater concentration at 40˚ C might be attributed to photoinhibition 

and reversal damage to important component of PS II. The results also showed that 
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Fv/Fm increased in consortia 1 and 2 at 20˚ C which might be ascribed to efficient 

functioning of photosynthetic apparatus and photosystem II as well as high energy 

conversion efficiency of microalgae (Chen et al., 2017). Furthermore, higher Fv/Fo 

and Fv/Fm reflects that the consortia 1 were efficient to mitigate the damage posed by 

different wastewater concentrations and temperature regimes. 

Piabs value reflects about the functional activity of PSI, PSII and activity of 

electron transport (Sadvakasova et al., 2016). The results reflected that Piabs value 

exhibited increment with wastewater concentration at 20˚ C and 40˚ C in consortia 1 

than consortia 2. The increased Piabs value indicates the remarkable cellular activity 

and quantum yield of PS II caused by increment of active reactive centres (RCs) and 

decreased QB-non-reducing centres (Sadvakasova et al., 2016). Piabs value also 

measure cell vitality (Negi et al., 2016) and increased value with wastewater 

concentration at 20˚ C and 40˚ C could be due to strong tolerance and adaptability of 

consortia 1 as compared to control. The considerable increase in Piabs value under 20˚ 

C and 40˚ C exhibited that consortia 1 was more tolerant to temperature and 

wastewater stress as compared to consortia 2. Mo represents the net closing rate of 

RC and the results revealed the significant increase in Mo value with temperature and 

wastewater concentrations in consortia 2. The increased Mo value could be attributed 

to faster closing rate of reaction centres and inhibited activity of PS II (Markou et al., 

2017). Therefore, the enhanced Mo value could be directly linked to increased 

trapping flux with wastewater concentration gradient and temperature. Furthermore, 

the results depicted an increase in the flux ratio ABS/RC, TRo/RC, ETo/RC with 

temperature and wastewater concentrations. ABS/RC reflects the number of all 

reaction centres to the active reaction centres (Mathur et al., 2011). In this study, the 

increased ABS/RC value in consortia 2 reflects the elevated number of inactive 

https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0035
https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0235
https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0210
https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0210
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reaction centres as compared to active reaction centres. The increased ABS/RC at 

higher temperature may be attributed to disturbance in the balance of energy supply 

and consumption by different redox reaction which eventually leads to inactivation of 

reaction centres of PS-II (Di Pippo et al., 2012). TRo/RC ratio is the measure of 

maximum rate of trapping of electron by reaction centres. In the present investigation, 

both algal consortia showed increased TRo/RC ratio after treated with wastewater 

under different temperature regimes. The increased TRo/RC could be attributed to 

closing of reaction centres and dissipation of energy in heat form render QA reduction 

and transport of electrons in photosystems (Markou et al., 2017). The ETo/RC was 

increased with wastewater concentration gradient and temperature in consortia 1 

while in case of consortia 2, the highest increment was found to be at 25% and 100% 

of wastewater concentration after treatment at 40˚ C. ETo/RC reflects the re-oxidation 

of reduced QA and also the activity of active reaction centres (Mathur et al., 2011). 

The amplified ETo/RC value indicated that increased number of inactive reaction 

centre leads to poor electron transport efficiency. Overall, the results depicted that 

consortia 1 exhibited excellent photosynthetic performance, electron transport and 

minimum inhibition of active reaction centres under two different temperature 

regimes as compared to consortia 2. 

8.4 Effect of temperature and municipal wastewater on biochemical profile of 

algal consortia 1 and 2 

8.4.1 Protein content 

Temperature changes the physiological processes of microalgae by either 

increasing or decreasing the biochemical reaction in the cell (Van Wagenen et al., 

2012). At 20˚ C, the result revealed that protein content was increased in consortia 1 

(4.45 folds) and consortia 2 (2.11 folds) treated with 100% wastewater concentration. 

As per the result of the present study, protein content in consortia 1 was also increased 

https://www.sciencedirect.com/science/article/pii/S2590262819300073#bb0210
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by 1.55, 1.85 and 2.55 folds whereas 1.14, 1.29 and 1.58 folds with consortia 2 at 

25%, 50% and 75% concentration of wastewater. Similarly, at 40˚ C, consortia 1 

showed an increase of 1.39, 1.72 and 1.53 folds whereas, 1.37, 2.48, and 1.45 folds in 

consortia 2 treated with 25%, 50% and 75% concentration of municipal wastewater. 

Furthermore, the protein content was further increased in consortia 1 (1.20 folds) 

treated with 100% of wastewater concentration (Table 8.3). The increased protein 

synthesis with wastewater concentration may be due to excellent nutrient removal 

potential, proficient growth or defense responses resulting in low toxicity to consortia. 

Sathasivam and Ki, (2019) reported that exposure to temperature conditions above 

optimum level may lead to heat stress and algal consortia may respond by stimulating 

the synthesis of proteins responsible for heat stress mitigation. Moreover, the 

decreased protein synthesis in consortia 2 might be due to temperature (40˚ C) and 

wastewater (100%) induced damage to cellular organelles leading to protein 

denaturation and inhibited enzyme activity. Furthermore, exposure to high 

temperature decreases protein content by disturbing structural conformation of protein 

and enzymatic activity of the cell (Renaud et al., 2002). 

8.4.2 Carbohydrate and lipid content 

Carbohydrate and lipid synthesis in consortia 1 and 2 was estimated after 

treatment with different wastewater concentrations at 20˚ C and 40˚ C. At 20˚ C, 

carbohydrate content was increased by 1.70, 1.93, 1.85, 1.57 folds in consortia 1 

while 1.66, 2.58, 2.13, 1.59 folds in consortia 2 at 25%, 50%, 75% and 100% 

concentration of wastewater, respectively. At 40˚ C, an increase of 1.13, 1.70, 1.03 in 

carbohydrate synthesis in consortia 1 was found at 25%, 50%, 75% wastewater 

concentration while with consortia 2, an increase of 1.01 and 1.11 was found to be at 
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25% and 50% wastewater concentration (Table 8.3). The results also revealed that 

increased carbohydrate accumulation at 25-100% wastewater concentration may be 

credited to efficient carbon fixation by selected consortia at 20˚ C. The decline in 

carbohydrate synthesis at 75% and 100% as compared to 25% and 50% wastewater 

concentration under 40˚ C may be due to impairment of metabolic activities as well as 

oxidative damage to consortia 1 and 2. Furthermore, the decreased carbohydrate 

content noticed after cultivation at 40˚ C and 75-100% wastewater concentration may 

be ascribed to conversion of intracellular carbohydrate to lipids. At 20˚ C, the selected 

algal consortia 1 and 2 showed maximum increase of 1.29 and 1.47 folds in lipid 

content at 75% concentration of municipal wastewater. In case of consortia 1, the 

lipid content was also found to increase by 1.14, 1.17 and 1.22 folds whereas, 1.03, 

1.19 and 1.30 folds in consortia 2 at 25%, 50% and 100% of municipal wastewater. 

Similarly, at 40˚ C, the lipid content was found to increase by 1.18, 1.23, 1.53 and 

1.47 folds in consortia 1 while, consortia 2 showed an increase of 1.06, 1.19, 1.34, 

and 1.31 folds at 25% -100% concentration of municipal wastewater (Table 8.3). 

Overall, lipid accumulation in consortia 1 and 2 was increased with wastewater 

concentration and temperature conditions than untreated consortia (BG-11). In the 

present study, the deceased nutrient utilization potential with wastewater 

concentration under 20˚ C and 40˚ C may indirectly create the nutrient deficient 

condition in the cell favouring the pathways for lipid accumulation. Li et al., (2010) 

also observed the enhancement of lipid accumulation in microalgae which could be 

attributed to nitrogen deficiency induced at higher temperature condition (25
o
 C).

Furthermore, increased lipid accumulation under high temperature conditions may be 

ascribed to the preferable utilization of lipid as the storage molecule by microalgae 

(Sayegh and Montagnes, 2011). In this study, the results suggested that both 
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temperatures regimes (20˚ C and 40˚ C) improved cell growth and metabolic activities 

which may contributes towards the protein and lipid accumulation in algal consortia. 

Similar results of higher lipid accumulation under different temperature regimes have 

been observed by Xu et al., (2019). 

8.5 Analysis of composition of algal biomass through FTIR spectroscopy 

FTIR is the simple tool used for examining different functional groups as well as 

macromolecular composition of algal biomass under diverse environmental condition 

(Singh et al., 2019). Different functional groups in algal consortia were characterized 

by absorption frequency from FTIR spectra. The absorption peaks between 4000-

2500 cm
-1

 might be credited to compounds having C-H, N-H, and O-H bonds while

peaks between 2000-1500 cm
-1

 may be due to the presence of compounds having

double bonds. In present study, the broad peaks between 3550-3300 cm
-1

 were

observed in wastewater treated consortia 1 and 2 under both temperature conditions 

which may possibly be due to O-H, N-H group of carbohydrate and secondary amines 

(Ansari, et al., 2017). The broadening of peaks could also be due to interaction 

between the metals and functional groups (Michalak et al., 2018). The FTIR 

spectroscopy further showed that the spectral peaks between 1120–1030 cm
-1

 in

consortia 1 and 2 treated at 20˚ C and 40˚ C reflects the stretching vibration of C-H 

representing the presence of enzymatic antioxidants (Ansari, et al., 2017). Similarly, 

the spectral peak at 1240.8 cm
-1

 and 1063.9 cm
-1

 in consortia 1 treated with 100%

wastewater concentration at 40˚ C exhibited C– –O and C– –N bond of carboxylic 

acid pertaining to flavonoids and phenolic compounds (Elumalai and Velmurugan, 

2015). Furthermore, the distinct peaks between 1700-1600 cm-1 in wastewater treated 

consortia  1  and  2  at  20˚ C  and 40˚ C reflects the stretching and bending of amide 1 
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Fig. 8.3 Effect of municipal wastewater (100%) on the composition of consortia 1 

and 2 grown under different temperature regimes.  
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20˚ C

40˚ C 

20˚ C 

40˚ C Control 

Control 

Control 

Control 

100% WW 

100% WW 

100% WW 

100% WW 



Chapter-8    Effect of different temperature regimes on removal efficiency, 

photosynthetic parameters and fatty acid profile of algal consortia 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      208 

group of proteins. In treated consortia, the sharp peaks between 1200-1000 cm
-1

reflects the abundance of carbohydrate in algal biomass (Ansari, et al., 2017). The 

results also depicted that consortia 1 exposed to 40˚ C showed reductions in 

carbohydrate accumulation as compared to consortia 2. In present study, the distinct 

absorption peaks between 2924.1-2855.7 cm
-1 

reflects the lipid accumulation in

consortia 1 and 2 (Fig 8.3). Ajayan et al., (2015) reported that peaks between 3000-

2800 cm
−1

depicts the presence of methylene and peaks between 1700-1500 cm
−1

reflected the presence of triglycerides. The FTIR spectroscopy also depicted the 

higher lipid peaks in consortia 1 treated with wastewater concentration of 100% at 20˚ 

C and 40˚ C than consortia 2. Overall, the results depicted that apart from excellent 

lipid accumulation potential, FTIR spectroscopy showed that consortia 1 was enriched 

with different enzymatic antioxidants as well as flavonoids and phenolic compounds 

which may be responsible for imparting tolerance towards different wastewater and 

temperature regimes. 

8.6 Fatty acid methyl ester (FAME) profile of algal consortia 1 and 2 

The FAME analysis was carried out in algal consortia treated with wastewater 

(100%) under different temperature regimes. The results showed abundance of C-16 

and C-18 carbon atoms in selected consortia at 20˚ C and 40˚ C. The results also 

reflected that palmitic acid (C16:0) was found to be in dominant amount in consortia 

1 (22.34%) and consortia 2 (21.45%) after treatment with wastewater concentration of 

100% at 40˚ C. It was also observed that C18:3 (14.76%), C18:1 (13.67%), C18:2 

(12.43%) and C18:0 (7.50%) was found to be in maximum amount in consortia 1 

while, C18:3 (14.22%), C18:1 (13.29%) and C18:2 (11.67%) in consortia 2 at 20˚ C 

(Fig. 8.4). Thus, due to the dominance of fatty acid (C-16 and C-18), the biodiesel 
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extracted from consortia 1 and 2 could have excellent fuel properties (Pandey et al., 

2019). On the other hand, unsaturated fatty acid (USFA) has tremendous lubricant 

properties and their abundance in the treated algae could further augment the qualities 

of biodiesel (Kumar et al., 2019).  

Fig. 8.4 Fatty acid profiling of algal consortia 1 and 2 treated with wastewater (100%) 

under different temperature regimes (20˚ C, 40˚ C)  
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Furthermore, the percentage of different fatty acids exhibited significant variations in 

the selected consortia treated with wastewater (100%) at 20˚ C and 40˚ C. In present 

study, the percentage of saturated fatty acid (SFA) were higher in consortia 2 

(46.99%) and consortia 1 (43.70%) treated with wastewater (100%) and temperature 

regimes of 40˚ C. The monounsaturated (MUFA-25.42%) and polyunsaturated fatty 

acid (PUFA-31.71%) was also observed highest in consortia 2 and 1 treated with 

100% wastewater at 20˚ C, respectively. Overall, the highest percentage of SFA 

depicted that consortia 1 and 2 cultivated under 40˚ C could enhance the qualities of 

biodiesel. Furthermore, exposure of consortia 1 and 2 to low temperature (20˚ C) 

decreases the SFA content with the considerable increase in the PUFA content. 

Gonzalez-Silvera et al., (2017) also observed that low temperature favours the 

accumulation of lipids with high content of unsaturated fatty acid responsible for 

maintaining membrane fluidity. The results of this study are in concordance with 

Carneiro et al., (2020). 

8.7 Oxidative stress biomarkers: TBARS and H2O2 

At 20˚ C, the highest increase in thiobarbituric acid reactive substances 

(TBARS) was found in consortia 1 (5.46 folds) and consortia 2 (5.21 folds) at 100% 

concentration of municipal wastewater. In consortia 1, TBARS was increased 

significantly at 25% (2.72 folds), 50% (4.24 folds) and 75% (3.36 folds) concentration 

of wastewater. Further, consortia 2 showed an increment of 1.91, 3.59 and 3.83 folds 

at 25%, 50% and 75% wastewater concentration. At 40˚ C, consortia 1 showed 

highest increment in TBARS content at 25% (2.04 folds) while, maximum increment 

was observed in case of consortia 2 at 50% (2.97 folds) 75% (5.22 folds) and 100% 

(7.32 folds) of wastewater concentration. Furthermore, consortia 2 showed the 
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maximum increment of 5.95 and 5.33 folds in hydrogen peroxide (H2O2) content at 

20˚ C and 40˚ C, respectively, treated with 100% wastewater concentration. At 20˚ C, 

H2O2 content was increased by 1.50, 1.62, 3.14, and 3.37 folds in consortia 1 while in 

consortia 2, an increase of 1.42, 1.79, 4.08, and 5.95 folds was found after treatment 

with 25%, 50%, 75% and 100% concentration of wastewater. At 40˚ C, H2O2 was 

found to increase by 1.74, 2.68, 3.07 and 4.20 folds in consortia 1 at 25%, 50%, 75% 

and 100% concentration of wastewater. In case of consortia 2, the H2O2 content 

increased at 25% (1.71 folds), 50% (2.44 folds), 75% (4.37 folds) and 100% (5.33 

folds) concentration of wastewater (Table 8.3). Further, the results also showed that 

oxidative stress markers were more pronounced in consortia 2 at higher temperature 

(40˚ C) and wastewater concentration (75%-100%). TBARS is the stress biomarker 

which indicates about the oxidative cell damage (Chokshi et al., 2015). The results 

depicted  that  the  wastewater  concentration  and  temperature dependent increase of 

TBARS content in treated algal consortia in comparison to untreated consortia. The 

increased TBARS level with wastewater concentration and temperature regimes 

confirms the oxidative damage to the microalgae. Tripathi et al., (2021) observed that 

metal after getting attached to functional groups on the surface of microalgae may 

eventually gets accumulated in the cell and amplify the reactive species which poses 

damage to lipid biosynthesis. The strategy adopted by selected consortia to two 

temperature regimes may be different however the disturbance in ROS equilibrium 

was the common affect of high and low temperature stress (Chokshi et al., 

2020). Furthermore, exposure to higher temperature may interfere in the charge 

separation as well as oxygen evolving capacity of PS-II and eventually results in the 

generation of ROS. The ROS may interrupt the cellular equilibrium by disturbing the 

membrane integrity and stimulate fatty acid peroxidation (Shekh et al., 2021). 
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Moreover, temperature stimulates the enhanced generation of oxidative radicals, shift 

absorption spectra and cellular restructuring by modifying the level of proteins, fatty 

acids, and carbohydrates in the cell (Yong et al., 2018). 

8.8 Effect of temperature regimes and wastewater concentration on antioxidants 

(Non-enzymatic and enzymatic antioxidants) activity of algal consortia 

Fluctuating temperature induces several changes by increasing generation of 

ROS in microalgae (Chokshi et al., 2015). The temperature induced ROS generation 

is counterbalanced by different antioxidants (Gill and Tuteja, 2010). At 20˚ C, the 

results showed that ascorbic acid was increased at 25% (2.06 folds) and 50% (2.33 

folds) wastewater concentration in consortia 2 while, 75% (2.55 folds) and 100% 

(3.93 folds) concentration of wastewater in case of consortia 1. The results 

also exhibited that proline content increased at 25% (1.06 folds) and 50% (1.29 folds) 

wastewater concentration in consortia 1  while, in consortia 2, an increase of 1.39 and 

1.51 folds was observed at 75% and 100% of wastewater concentration. Similarly, the 

cysteine content in consortia 1 was increased by 1.15, 1.38 and 1.43 folds while in 

case of consortia 2, 1.16, 1.09 and 1.36 folds after treatment with 50%, 75% and 

100% wastewater concentration, respectively (Fig. 8.5). At 40˚ C, a significant 

decline in ascorbic acid content was found to be in consortia 1 and 2 at different 

municipal wastewater concentration in comparison to control. The results also 

depicted that proline content in case of consortia 1 was increased by 1.17, 1.29 and 

1.09 folds at 25%, 50% and 75% while an increase of 1.23 folds was found to be at 

50% wastewater concentration in case of consortia 2. Moreover, consortia 1 also 

showed an increase of 1.17, 1.27 and 1.03 folds while, 1.52, 1.35 and 1.26 folds in 

cysteine content in consortia 2 at 50%, 75% and 100% wastewater concentration. The 

upregulation in the activity of different antioxidants under abiotic stress conditions is 

https://www.sciencedirect.com/science/article/pii/S0960852415000036#b0060
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the response towards elevated generation of ROS (Qiao et al., 2021). Ascorbic acid 

acts as the enzyme cofactor, scavenge ROS, regulate photosynthesis, synthesis of 

hormone and regeneration of antioxidants (Pehlivan, 2017). The increased 

accumulation of ascorbic acid at 20˚ C in the present study may assist to sustain the 

proper functioning of photosynthetic system by scavenging of excessive oxidative 

radicals from the cell. Gallie, (2013) also reported that ascorbic acid is vital for 

photosynthetic function of cell as it protect the photosynthetic apparatus from the 

oxidative damage. The results further depicted the increment in proline accumulation 

in selected algal consortia treated with different wastewater concentration and 

temperature regimes. The increment in proline accumulation may maintain the redox 

balance and repair damaged cellular structures in consortia 1 and 2 cultivated under 

different wastewater and temperature conditions. Chokshi et al., (2015) also observed 

the significant increment in proline content at temperature conditions of 35° C and 

38° C. Thus, in the present study, the higher proline accumulation may be due to its 

role as compatible solute, ROS scavenger, sustain redox balance and stabilize the 

cellular structure (Danouche et al., 2022). The results also showed that the cysteine 

accumulation enhanced at 20˚ C and 40˚ C along with different concentrations of 

wastewater. The increased cysteine accumulation could be attributed to their role in 

scavenging of different ROS under unfavourable conditions (Upadhyay et al., 2016).    

At 20˚ C, consortia 1 showed the highest increase of 2.42, 4.50, 3.87 and 1.72 

folds in SOD activity at 25%, 50%, 75% and 100% of municipal wastewater 

concentration. Catalase activity was also increased by 3.14 folds at wastewater 

concentration of 50% in consortia 1 while, consortia 2 showed an increase of 2.33, 

3.96 and 5.00 folds at 25%, 75% and 100% concentration of municipal wastewater. 
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The results of present study also showed an increase of 1.01, 1.04, 1.10 folds in GR 

activity in consortia 1 at 25%, 75% and 100% concentration of wastewater, 

respectively (Fig. 8.5). At 40˚ C, an increase of 1.07 and 1.13 folds in SOD activity 

was shown by consortia 1 at 25% and 50% while, in case of consortia 2, an increase 

of 1.06 folds was at 50% concentration of wastewater. The results also depicted an 

increase of 1.14, 1.00 and 1.12 folds in catalase activity with consortia 1 at 25%, 50% 

and 75% while 1.60, and 1.12 folds with consortia 2 at 25% and 50% wastewater 

concentration. Moreover, wastewater concentration above 50% resulted in decreased 

SOD and catalase activity in consortia 2 than consortia 1. Similarly, an increase of 

1.00, 1.04, 1.02, 1.01 folds in GR activity was observed with consortia 1 while 1.04, 

1.08, 1.07, 1.06 folds with consortia 2 at 25-100% concentrations of municipal 

wastewater. 



Chapter-8    Effect of different temperature regimes on removal efficiency, 

photosynthetic parameters and fatty acid profile of algal consortia 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      215 

Fig. 8.5 Antioxidant activity of consortia 1 and 2 treated with municipal 

wastewater under different temperature regimes 

SOD is an important enzymatic antioxidants widely present in aerobic organism and 

their activity varies with the temperature (Chokshi et al., 2020), metals (Danouche et 

al., 2020), salinity and UV radiation (Singh et al., 2018). The increased activity of 

enzymatic antioxidants in this study reflects the elevated generation of O2
•−

, H2O2,

and OH
•
 radicals in the cell under different wastewater concentration at 20˚ C. The

increased SOD activity may acts as first defense line by mediating the conversion of 

O2
−1 

into H2O2 (Qi et al., 2022) thus, prevents the generation and initiation of series of

reaction responsible for ROS generation. Chakrabortty and Pradhan (2011) also 

observed that the enzymatic antioxidants like SOD and CAT showed increment in 

their activity below 50˚ C while the activity of glutathione reductase declined at the 

temperature ranging from 20˚ C to 50˚ C. In this study, the higher SOD and CAT 

activity at 20˚ C indicated that consortia 1 and 2 possess strong defensive mechanism 

to adjust under different wastewater concentrations. Moreover, the increment in 

catalase activity was in accordance with Choksi et al., (2015). The results further 

depicted the declined SOD and CAT activity in consortia 1 and 2 at higher wastewater 

concentration (75%, 100%) and temperature condition (40˚ C). The declined SOD and 
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CAT activity could be linked with the enhancement in the oxidative stress biomarkers 

such as TBARS and H2O2. The results also exhibited an increased GR activity with 

wastewater concentrations and temperature regimes in consortia 1 and 2. The 

increased GR activity confers tolerance to microalgae by regeneration of GSH, 

sustains the ratio of GSH/GSSG and alters the redox state of essential components of 

ETC (Singh et al., 2018). Under temperature stress, GR also protects the functioning 

of PS-II by maintaining the transport of electron to the acceptor side of PS-II and 

increases the stability of PS-II complexes (Gill et al., 2013). Thus, in this study, the 

increased GR activity in consortia 1 and 2 may assist to sustain the ROS balance and 

the functioning of photosynthetic machinery. Further, the results of this study 

strengthen the evidence that GR play key role in protecting and maintaining the 

photosynthesis process under different temperature and wastewater concentration. 

The considerable increment in activity of antioxidants might be the adaptive strategy 

to mitigate the oxidative damage induced by temperature stress (Chokshi et al. 2020). 

Overall, the outcome of the present investigation reflected that consortia proficiently 

adopted different stress mitigation mechanisms such as alteration in cell physiology, 

enhancement in non enzymatic and enzymatic activity to avoid oxidative damage to 

the cell. 
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Chapter-9 

Competence of algal consortia under natural 

environment: remediation efficiency, photosynthetic 

performance and antioxidants activity 

9.0 Introduction 

Rapidly growing population and human interferences is posing serious 

challenges especially in terms of depleting energy reserves (Owusu and Asumadu-

Sarkodie, 2016) and mounting water pollution problem (Liyanage and Yamada, 

2017). The indecent planning has lead to depletion of energy reserves (Owusu and 

Asumadu-Sarkodie, 2016) and deterioration of freshwater resources at very alarming 

rate (Mushtaq et al., 2020). The foremost reason is rapid use of energy and water 

resource for industrial, agricultural and household purposes. Almost 69% of the 

India’s population is still residing in rural areas and generates huge quantity of 

wastewater but are lacking the proper treatment system for efficient management of 

wastewater (Choudhary et al., 2016). Wastewater from different sources disposed into 

the water bodies poses severe threat to human and animal life by depleting the 

freshwater quality owing to abundance of macronutrients, micronutrients and other 

toxic pollutants. Wastewater is more troublesome problem in the populated countries 

like India and treatment before disposal is necessary to combat the damage posed by 

different pollutants (Shahid et al., 2020). The treatment facilities are devoid of the 

innovative techniques that can sustain the energy demands and remediate wastewater 

in environmentally sound manner. Several approaches has been employed for 

wastewater treatment (Wang et al., 2017a) but merely microalgae can stabilize the 
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physico-chemical attributes of wastewater with simultaneous detoxification of 

multiple pollutants in very cheap and sustainable manner (Singh et al., 2020). 

Microalgae are also the sole organism that can efficiently remediate wastewater and 

concomitantly produce biomass for bio-energy production (Khan et al., 2018). 

Wastewater from different source is affluent in both macro as well as 

micronutrients necessary for proper growth of microalgae (Khan et al., 2018). Beside 

nutrients, wastewater has plentiful of heavy metals and recalcitrant pollutants that can 

have deleterious impacts on the recipient ecosystem (Mushtaq et al., 2020). Heavy 

metals can also help microalgae to accomplish several functional roles as some metals 

are very essential for protein, enzymes and antioxidants activity (Andrade et al., 

2004). At higher concentrations, heavy metals can cause deleterious effects by 

stimulating lipid per-oxidation in microalgae. In order to respond effectively to the 

oxidative stress posed by reactive oxygen species (ROS), microalgae stimulates the 

activity of defense system that detoxifies metals from contaminated environment in 

diligent manner (Shivaji and Dronamaraju, 2019). 

The success of integration techniques can be made possible by selecting 

resilient microalgae species having vigorous growth and efficient bioremediation 

potential for nutrients and toxic pollutants. Qin et al. (2016) while comparing 

monoculture and consortia for purification of diary wastewater observed that 

consortia were more efficient in treating wastewater and simultaneously lipids 

accumulated was appropriate for biofuel production. Consortium in comparison to 

monoculture are more adaptable, stable and also have high pollutant removal rate 

along with biomass production (Chen et al., 2015). Environmental condition varies 

with regions so it is necessary to exploit native microalgae species and form different 
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combination of consortia that have wider adaptability, excellent metal removal 

efficiency and also grow vigorously in the prevailing environmental conditions. 

Therefore, this study was conducted to examine the potential of the algal consortia 

treated with municipal wastewater under natural environment. 

9.1 Results and discussion 

9.1.1 Effect on physico-chemical attributes; nutrient load and metal 

concentration after treatment of municipal wastewater with algal consortia 

Different attributes of wastewater before and after treatment were analyzed 

and are mentioned in table 9.1. The results showed that highest increase of 47.61% in 

pH was observed in case of consortia 2 treated with 100% concentration of municipal 

wastewater. The results also exhibited that DO level of municipal wastewater treated 

with algal consortia 1 and 2 was enhanced as compared to the initial concentration. It 

was further observed that EC, TDS, TSS, TS  and BOD was decreased by 59.15%, 

53.85%, 90.52%, 55.85% and 73.08% in case of consortia 1 while 63.81%, 56.06%, 

87.04%, 55.64% and 69.26% in case of consortia 2.  Similarly, the reduction of 

77.44% and 64.37% in the nitrate nitrogen and phosphorus concentration was 

observed in case of consortia 1 while 82.92% and 70.47% with consortia 2 at 100% 

wastewater concentration (Table 9.1). Overall, the results depicted that consortia 2 

showed promising potential to reutilize the nitrogen and phosphorus resource from the 

wastewater. In the present study, the decreased EC, TDS, BOD, nitrate-nitrogen and 

phosphorus content could be ascribed to the utilization of nutrients, salts and organic 

matter as the source of energy for cellular growth. The excellent nutrient assimilation 

from wastewater by algal consortia could be utilized for cell growth, bio-compound 
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synthesis and biomass production. The decreased suspended solids and nutrients level 

in wastewater treated with consortia 1 and 2 could also be attributed to flocculation 

stimulated by the increased pH level of the treated water. Whitton et al., (2015) also 

observed that microalgae assimilate nutrients from wastewater and acts as the natural 

oxygen pump in water bodies. 

Table 9.1 Effect on physico-chemical attributes of wastewater after treatment 

with consortia 1 and 2 under natural conditions 

Parameters 
Initial 

concentration 

Consortia-1 Consortia-2 

Control 100% WW Control 100% WW 

pH 7.56±0.028 10.67±0.145
b
 9.68±0.576

a
 11.16±0.610

bc
 9.65±0.340

a
 

EC (µS/cm) 1016.67±54.55 6.12±0.080
a
 415.23±9.51

b
 5.46±0.105

a
 367.9±6.64

b
 

TDS 556.66±46.72 3.39±0.210
a
 256.89±3.67

b
 3.14±0.095

a
 244.56±6.88

b
 

TSS 5.34±0.354 0.474±0.029
a
 0.506±0.012

b
 0.536±0.060

b
 0.692±0.082

c
 

TS 567.89±5.76 3.46±0.100
a
 250.67±5.13

b
 4.93±0.320

a
 251.89±8.02

b
 

BOD 65.66±3.00 0.630±0.055
a
 17.67±1.63

b
 0.847±0.069

a
 20.18±1.75

b
 

DO - 8.37±0.266
b
 2.56±0.33

a
 8.44±0.345

b
 2.41±0.193

a
 

NO3-N 42.87±2.34 1.04±0.186
a
 9.67±0.445

c
 1.21±0.070

a
 7.32±0.265

b
 

PO4
3-

10.33±0.890 0.623±0.155
a
 3.68±±0.205

b
 0.650±0.123

a
 3.05±0.201

b
 

All values are in mg/L, otherwise mentioned; WW- Wastewater 

The initial concentration of different metals in wastewater were also analyzed 

and the results showed that Zn (11.14±0.673 µg/L), Fe (1719.12±15.129 µg/L), Pb 

(12.76±0.845 µg/L), Cd (4.87±0.176 µg/L), Cr (5.12±0.312 µg/L), Cu (5.15±0.767 

µg/L), Ni (15.74±0.456 µg/L), and As (0.631±0.089 µg/L) were above the optimum 

limit in wastewater. The municipal wastewater after treatment was algal consortia 1 

and 2 depicted that metal removal efficiency of consortia 2 was higher as compared to 

consortia 1. The removal efficiency of 57.23%, 73.70%, 64.23%, 53.12%, 62.49%, 

48.12%, 60.34%, 31.21% and 70.29%, 62.23%, 67.69%, 60.11%, 50.56%, 55.43%, 
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68.46%, 45.23% for Fe, Zn, Pb, Cr, Ni, Cd, Cu, As was observed in case of consortia 

1 and 2 respectively, after treatment with 100% concentration of wastewater (Fig 9.1). 

The significant removal of metals from the wastewater may be attributed to binding 

with cell surface which may facilitate their transport into the cell. The metals 

detoxification could be also attributed to phytochelatins that elevated the removal 

efficiency of selected algal 

Fig. 9.1 Heavy metal detoxification efficiency of algal consortia 1 and 2 grown under 

natural environment 

consortia. Tripathi and Poluri, (2021) reported that phytochelatins protect the 

microalgae from heavy metal damage by acting as signalling molecule, antioxidants 

and reduces the concentration by binding with heavy metals. In the present study, 

functional groups in algal biomass may improve the remediation efficiency was also 

evident from FTIR spectra. 

FTIR spectroscopy is vital for determination of different functional groups in 

algal biomass treated with municipal wastewater. Based on composition and presence 

of functional group, each band in bio-molecule is assigned to specific molecular 
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group. The relative abundance of carbohydrates, proteins, and lipids in consortia 

treated with BG-11 and wastewater were compared for carbohydrates (900–

1100 cm
−1

), lipids (1738 cm
−1

; 3000-2800 cm
-1

) and proteins (1540; 1658 cm
−1

). The

FTIR spectroscopy of the algal biomass depicted absorption spectra in the range from 

800–400 cm
−1

, 1400–1000 cm
−1

, 1700–1500 cm
−1

 and 4000–3000 cm
−1

 which

represents aliphatic, alcoholic, carboxylic and hydroxyl groups, respectively (Kumar 

et al., 2019). The sharp spectral peaks at 1060.0 cm-1 and 1077.9 cm-1 in wastewater 

treated consortia 1 and 2 could be attributed to presence of polysaccharide (Werner et 

al., 2007).The FTIR results showed absorption peaks at 1656.0 cm
-1

 and 1656.6 cm
-1

in untreated consortia 1 and 2 could be attributed to amide I and II bands of protein 

whereas spectral peaks in region between 1300-1450 cm
-1

 in treated as well as

untreated consortia indicated CH3 and COOH groups associated with proteins and 

lipids (Fig. 9.2). The results showed that the spectral peaks at 1534.5 cm
-1

 disappeared

in treated consortia 1 while consortia 2 showed spectral peaks at 1554.9 cm
-1

 treated

with 100% concentration of wastewater. Furthermore, the absorption peak in the 

range between 1800-1000 cm
−1

 reflects the presence of C–O, C=O, and C=C in algal

biomass (Hasan et al., 2022). The shifting and broadness of peak between 3400-3300 

cm
-1

in consortia 1 and 2 from 3323.3 to 3307.2 and 3370.9 to 3375.0 cm
-1

respectively, may be due to interaction between metals and functional groups. The 

shifting of absorption peak in treated consortia could be attributed to formation of 

complexes between metals and OH groups (Li et al., 2017). Moreover, the spectral 

peaks between 3500–3200 cm
−1

 could be attributed to abundance of proteins and

lipids in the algal biomass (Arun et al., 2017). Therefore, the FTIR spectroscopy 
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depicted that prevalence of distinct functional groups may leads to the bio-adsorption 

of metal pollutants from the municipal wastewater. 

 Fig. 9.2 Analysis of algal biomass through FTIR spectroscopy after treatment 

with municipal wastewater 

9.2 Modification in biochemical profile of algal consortia 1 and 2 

The results showed that growth (Fig. 9.3) and biomass production (Table 9.2) 

was decreased significantly in wastewater treated consortia 1 and 2. The results also 

Consortia-2 

Consortia-1 
Control 

100% WW 

Control 

100% WW 
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showed that biomass production was highest in case of consortia 2 (4.296 mg/L/day) 

than consortia 1 (3.333 mg/L/day) treated municipal wastewater (100%). The 

inhibited growth rate and biomass production in treated consortia than their control 

might be due to the 

Fig. 9.3 Effect of municipal wastewater on growth profile of microalgae consortia 

1 and 2 cultivated under natural conditions  

wastewater contamination as depicted by initial EC, TDS, TS, BOD and nutrient level 

of municipal wastewater. The results were in concurrence with Gonzaslez-Camejo et 

al., (2017). The results further showed that total chlorophyll content was decreased by 

62.09% and 10.25% in case of consortia 1 and 2 respectively, as compared to their 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 2 4 6 8 10 12 14 16 18

A
b

so
rb

an
ce

 (
6

5
0

n
m

) 

Days 

BG-11 100% WW

0

0.5

1

1.5

2

2.5

3

3.5

4

0 2 4 6 8 10 12 14 16 18

A
b

so
rb

an
ce

 (
6

5
0

 n
m

) 

Days 

BG-11 100% WW

Consortia-1 

Consortia-2 



Chapter-9    Competence of algal consortia under natural environment: remediation 

efficiency, photosynthetic performance and antioxidants activity  

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022      225 

respective control (Table 9.2). It was also observed that that carbohydrate content was 

decreased by 43.70% and 7.21% in consortia 1 and 2 treated with 100% concentration 

of municipal wastewater. The decreased total chlorophyll and carbohydrate content 

could be attributed to heavy metals and fluctuating environmental conditions 

stimulated oxidative damage to microalgae. Reduction in chlorophyll content could be 

ascribed to chlorosis (Piotrowska-Niczyporuk et al., 2015), leakage of electrolytes and 

triplet chl formation (Sharma et al., 2012) that damage photosystem and 

photosynthetic machinery of microalgae (Cardona et al., 2018). Pontevedra-Pombal et 

al., (2012) also observed that heavy metals distort the structure of the chloroplast 

membrane, suppress the activity of photosystems, ETC and also perturbs the activity 

of light harvesting as well as oxygen evolving complex. It was further observed that 

carotenoid content was increased by 1.57 and 2.23 folds in treated consortia 1 and 2 

as compared to their respective control. The increased carotenoid content in algal 

consortia 1 and 2 might help to sustain the balance of ROS in the cell. Cirulis et al., 

(2013) also reported that carotenoids protect microalgae from ROS damage and their 

concentration in cell increases at low level of oxidative stress. Furthermore, 

carotenoids serve as antioxidant, protect from oxidative damage and assist in 

amplifying the tolerance capacity of microalgae (Goiris et al., 2012). The results also 

exhibited an increase of 1.40 folds in protein content in case of consortia 2 while, the 

decline of 16% was observed in case of consortia 1. The decline of chlorophyll and 

protein content in consortia 1 might be attributed to their use as source of nutrient 

under adverse conditions (Carfagna et al., 2013). Moreover, the decrease in protein 

content in algal consortia 1 may be ascribed to diversion of carbon skeleton from 

protein synthesis towards accumulation of TAG thereby protects algae from oxidative 
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damage (Msanne et al., 2012). The decline in biochemical parameters like protein, 

carbohydrate and chlorophyll in microalgae exposed to stress signify that cell has 

revamped its composition in response to oxidative stress imposed by heavy metals 

(Arora et al., 2017). The results further exhibited that the lipid content was increased 

by 4.01 and 1.17 folds in wastewater treated consortia 1 and 2 in comparison to their 

respective control (Table 9.2). In the present study, the enhanced lipid accumulation 

in wastewater treated consortia 1 and 2 could be attributed to nutrient imbalance, 

salinity and toxic pollutants. Furthermore, under natural condition, the fluctuating 

light and temperature conditions may also serve as the stress factor which elevates the 

lipid accumulation in algal consortia. The increased lipid content is also predicated at 

the outlay of proteins and carbohydrates in microalgae (Arora et al., 2017). The 

results were in agreement with Saranya and Shanthakumar, (2019). It was also evident 

from the FTIR absorption spectra that two distinct fingerprints representing 

triglycerides accumulation were present in biomass of algal consortia. The absorption 

peak at 1740.6 cm
-1

 in wastewater treated consortia 1 may be attributed to lipid

triglycerides and also represents the abundance of fatty acids in the microalgae. The 

results further depicted that spectral peak between 3000-2800 cm
-1

 was higher in

treated consortia 1 and 2 than their respective control. The higher absorption peaks 

(3000-2800 cm
-1

) in municipal wastewater treated consortia 1 and 2 is associated with

asymmetric vibration of C-H bands of methyl and methylene groups (Wagner et al., 

2010). Overall, the spectral peak confirms that municipal wastewater induced higher 

lipid accumulation in wastewater treated consortia 1 cultivated under natural 

conditions. 

https://www.sciencedirect.com/science/article/pii/S0960852415006859#b0085
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methylene
https://www.sciencedirect.com/science/article/pii/S0147651319302969#bib56
https://www.sciencedirect.com/science/article/pii/S0147651319302969#bib56
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Table 9.2 Effect of municipal wastewater on biomass production, pigment 

content, biochemical profile, oxidative stress biomarkers and antioxidant activity 

of consortia 1 and 2 cultivated under natural conditions 

Parameters Consortia-1 Consortia-2 

Control 100% WW Control 100% WW 

Biomass production 

(mg/L) 

5.592±0.195c 3.330±0.191a 5.972±0.510c 4.296±0.444b 

Total chlorophyll (mg 

g
-1

 fw)

0.124±0.045
c

0.047±0.002
a

0.117±0.014
bc

0.105±0.006
b

Carotenoids (mg g
-1

 fw) 1.43±0.086
c

0.909±0.069
b

1.401±0.115
c

0.627±0.051
a

Carbohydrate  (mg L
-1

fw) 

8.58±1.71
b

4.83±0.933
a

12.19±0.758
c

11.31±0.722
c

Protein (mg g
-1

 fw), 1.58±0.096
a

1.36±0.047
a

2.34±0.339
b

3.28±0.388
c

Lipid (mg L
-1

) 0.224±0.033
a

0.899±0.039
b

1.10±0.073
c

1.29±0.066
c

TBARS (μmol g
-1

fw) 8.04±0.298
b

12.62±0.458
c

5.42±0.201
a

6.93±0.622
ab

H2O2 (μmol g
-1

fw) 13.16±2.35
b

20.18±1.57
c

10.96±0.685
a

15.29±1.09
bc

Ascorbic acid (mM g
-1

fw) 

0.296±0.010
a

0.613±0.074
b

0.357±0.059
a

0.869±0.095
b

Cysteine (nM g
-1

 fw) 14.14±2.72
a

34.26±2.03
c

22.36±1.17
b

28.99±0.699
bc

Proline (μm g
-1

 fw) 0.032±0.008
a

0.052±0.005
a

0.023±0.002
a

0.077±0.004
b

SOD (U mg
-1

 fw) 364.91±15.12
b

639.69±12.08
c

231.06±5.57
a

313.26±7.12
ab

Catalase (μmol g
-1

 fw) 0.458±0.046
a

1.21±0.165
b

0.511±0.038
a

1.07±0.179
b

GR (mmol mg
-1

 fw) 8.13±0.348
a

9.74±0.477
b

8.52±0.274
a

10.21±0.430
c
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9.3 Photosynthetic performance of algal consortia grown under natural 

environment 

The chlorophyll fluorescence is the accurate alternative to examine the 

metabolic activity and photo-protective mechanism adopted by the cell (Solovchenko 

et al., 2022). The results reflected that Fv/Fo ratio was increased by 41.65% folds in 

wastewater treated consortia 2 as compared to control. The Fv/Fo was decreased 

significantly by 48.62% in consortia 1 treated with 100% municipal wastewater (Fig. 

9.4). Fv/Fo reflects the efficiency of oxygen evolving complex (Guo et al., 2016) and 

the results depicted that efficiency of wastewater treated consortia 2 was higher as 

compared to consortia 1. Fv/Fm, reflects the photosynthesis efficiency and the value 

between 0.6-0.65 is considered as the indicator of healthy algae (Parkhill et al., 2001). 

The results exhibited that highest Fv/Fm was observed in treated (0.435) consortia 2 

than untreated consortia (0.336). It was also observed that Fv/Fm was increased by 

29.46% in consortia 2 while, the decrease of 53.22% in Fv/Fm ratio was observed in 

case of consortia 1. The notable decline in Fv/Fm value in consortia 1 could be 

attributed to either damage or down regulation of PS II activity as a response to stress 

conditions. Furthermore, the decreased Fv/Fm value could be ascribed to aggravated 

oxidative damage, reduction of proteins content as well as the photosynthetic rate 

which in combination posed cumulative damage to the functioning of PS-II. The Piabs 

is essential parameter which reflects the functioning of PS-I and PS-II. Piabs also 

provides quantitative information of the photosynthetic performance under 

unfavourable conditions (Strasser et al., 2004). The Piabs indicates overall 

photosynthetic performance and results showed that the photosynthetic performance 

of consortia 2 was  

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01443/full#B54
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Fig. 9.4 Effect of municipal wastewater on active photosystem II reaction centre 

(Fv/Fo), quantum efficiency of photosystem II (Fv/Fm), net closing rate of 

reaction centre (Mo), photosynthetic performance index (Piabs), apparent 

antenna size of reaction centre (ABS/RC), trapping flux (TRo/RC) and electron 

transport per reaction centre (ETo/RC) in algal consortia 1 and 2 grown under 

natural environment 

 higher than consortia 1. The results showed that Piabs value was increased by 

320.28% in case of consortia 2 as compared to untreated consortia. There was about 

28.36% decrease in the photosynthetic performance of consortia 1 grown in the 

municipal wastewater. The decreased Piabs value in treated consortia 1 indicates 

toxicity to algal cells. It has been reported that metals affects the functioning of PSII 

and electron transport chain by replacing iron between QA and QB binding sites (Li et 

al., 2012) which eventually disturbs the equilibrium of ROS production and 

scavenging. The increased ROS production also impairs the defense responses of 

microalgae (Singh and Singh, 2022). Furthermore, the results revealed that Mo, 

ABS/RC and TRo/RC were increased by 4.09%, 58.93% and 19.62% in consortia 1 

treated with municipal wastewater. However, the decrease of 19.01%, 20.46%, 
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17.36% and 8.93% in Mo, ABS/RC, TRo/RC and ETo/RC ratio was observed in the 

case of consortia 2 as compared to control (Fig. 9.4). The total flow of energy in the 

pigment antenna (ABS) and in the PSII centre (TRo) was normalized against the 

reaction centre (RC) (Wang et al., 2012). The treated cells showed higher value of 

Mo, ABS/RC, TRo/RC and ETo/RC ratio in case of consortia 1 in comparison to 

control. This result could be interpreted in terms of decrease in the active reaction 

centre (RC) in the wastewater grown cells of consortia 1 than consortia 2. Overall, the 

results of different photosynthetic parameters reflected that consortia 2 showed 

greater flexibility under natural environmental conditions than consortia 1. 

9.4 Oxidative stress markers 

The balance of ROS production and their scavenging is disturbed by stress 

condition leading to elevated production of ROS which have deleterious impacts on 

the cellular macromolecules (Sharma et al., 2012). In the present study, the results 

depicted that TBARS content was increased in consortia 1 (1.56 folds) and consortia 2 

(1.27 folds) treated with 100% municipal wastewater. The increased TBARS 

accumulation could be attributed to wastewater triggered damage which perturbs the 

cellular balance of algal consortia. Elbaz et al., (2010) also observed that TBARS, a 

lipid peroxidation by-product enhanced with the exposure of heavy metal to the 

microalgae. Similarly, the H2O2 content was increased in consortia 1 (1.53 folds) and 

consortia 2 (1.39 folds) after treatment with municipal wastewater than control (Table 

9.2). The increased concentration of H2O2 could be attributed to the oxidative damage 

imposed by metal pollutants, salts, nutrients and environmental conditions in selected 

algal consortia. Danouche et al., (2020) also observed the increased H2O2 

accumulation may be due to the disruption of cellular balance, damage to cell 
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membrane and essential bio-molecules after treatment with heavy metals. The 

enhancement in H2O2 content under stress indicates the damage to the lipid layer 

which leads to the accumulation of TBARS in the cell (Wei et al., 2011). The 

wastewater induced oxidative stress as evident from the increased concentration of 

TBARS and H2O2 in algal consortia 1 and 2 than control may be mitigated by the 

combination of biochemical alteration, enzymatic and non enzymatic pathways. 

Overall, the result depicted that consortia 2 showed excellent flexibility than consortia 

1 under natural conditions. The increased accumulation of oxidative stress markers in 

algal consortia treated with wastewater is in concurrence with Sharma et al., (2020) 

and Singh et al., (2021). 

9.5 Enzymatic and non- enzymatic antioxidants 

In the present study, an increase of 2.07, 1.62 and 2.42 folds in ascorbic acid, 

proline and cysteine content was observed in case of consortia 1 treated with 100% 

municipal wastewater (Table 9.2). The results also showed that ascorbic acid, proline 

and cysteine was increased by 2.43, 3.34 and 1.29 folds in case of consortia 2. The 

increased content of ascorbic acid may maintain the cellular balance and protect the 

cell from ROS (Leong and Chang, 2020).  The increment in proline accumulation 

may protect enzymes, maintain osmoregulation, and scavenge ROS, thereby 

encourage microalgae to adjust the intracellular mechanism under stressful 

environment. Szabados and Savoure, (2010) also observed that proline is involved in 

the stabilization of protein, enzymes, maintains integrity of the membrane and 

osmotic balance of the cell. Furthermore, proline ameliorates the tolerance of 

microalgae to metals stress by reducing the damage triggered by heavy metals (Singh 

et al., 2015). The increased cysteine content could serves as precursor of sulphur 
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containing peptides, proteins and several other compounds which are directly or 

indirectly involved in the metal detoxification from the contaminated environment 

(Leong and Chang, 2020). Therefore, present study revealed that the increased non-

enzymatic antioxidants may protect the essential cellular components from oxidative 

damage and ensure cell survival under harsh conditions. 

  The results further depicted an increase of 1.75, 2.64 and 1.19 folds in SOD, 

catalase, GR activity in consortia 1 while, an increase of 2.09 and 1.19 folds in 

catalase and GR was observed in consortia 2 treated with 100% wastewater (Table 

9.2). The increased activity of SOD, catalase, GR in consortia 1 may assist to 

maintain the cellular balance by scavenging hydroxyl, superoxide and peroxide 

radicals instigated by wastewater and unfavorable conditions under natural conditions. 

Shi et al., (2017) also observed that enzymatic antioxidants such as SOD and catalase 

converts the reactive oxygen species into non toxic form thus, prevents the damage to 

macromolecules and helps in maintaining the cell vitality. Similarly, GR not only aids 

in removal of H2O2 but also in oxidized ascorbate regeneration (Gest et al., 2013). 

Thus, the enhanced activity of enzymatic antioxidant may assist the algal consortia to 

negate the oxidative damage by scavenging ROS and maintain their balance in the 

cell.  
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Chapter-10 

Summary and Conclusion

Extraordinary population expansion is the forefront cause of freshwater, land, 

energy scarcity along with urbanization, industrial development, enormous waste 

generation, environmental pollution and ultimately global warming. Water pollution 

is the serious environmental issues which need to be addressed by developing 

stringent policies, planning and sustainable approaches. In India, the majority of the 

treatment facilities for wastewater management are deployed in urban areas but still, 

huge quantity of wastewater is discharged without any necessary treatment into the 

environment. The leading global problems require considerable attention to ensure the 

smooth functioning of life. Due to the incompetent treatment systems, the disposal of 

wastewater interrupts the functioning of biota and ultimately perturb the stability of 

aquatic ecosystem. The inefficient nutrient removal through secondary treatment and 

huge investment as well as energy required in tertiary treatment, it become important 

to develop the techniques which can transform the treatment plants from energy 

consumer to energy producers. Additionally, the concerns related to depleting energy 

reserves are raising with the growing population. The swift decline in fossil fuel 

reserves and rising price has increased the focus on renewable fuel that has potential 

to offset the challenges posed by fossil fuel scarcity. Currently, no standalone 

techniques have been devised that can address the problem of energy and water 

scarcity simultaneously. Compared to different physico-chemical methods, 

microalgae can serve as the important biological organisms that simultaneously meet 

the targets of wastewater treatment and energy production in sustainable manner. 
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Besides improving the vital attributes of the wastewater, the biomass obtained can be 

the cheap feedstock for the biofuel production. 

Fluctuation of temperature and light intensity within day, day to day and with 

season is the natural phenomenon. Furthermore, under natural conditions, maintaining 

axenic and optimum environmental condition is impossible. Thus, screening algal 

consortia that can grow under different temperature and light intensity conditions can 

be the appropriate solution for wastewater treatment and biomass production. It is also 

unclear that whether the defense mechanism stimulated in the form of enzymatic and 

non enzymatic antioxidants assist in regulating the physiological and metabolic 

pathways against temperature and light stress. The aim of this study was to screen 

algal consortia that have ability to grow efficiently in the wastewater with excellent 

removal efficiency as well as promising potential of lipid production. Therefore, the 

systematic studies were carried out to examine the effect of municipal wastewater, 

light intensity and temperature on algal growth, biomass production, lipid 

accumulation, photosynthetic performance, biochemical profile, stress biomarkers, 

antioxidants system and eventually biofuel production of algal consortia. The present 

study will also help to screen the algal consortia adaptable under different light 

intensity and temperature regimes. 

The first objective was to screen the monoalgal species that can adapt under 

natural environmental conditions. The monoalgal species were selected and their 

potential to survive under natural conditions was analyzed in terms of growth, 

pigment content and defense responses. In this study, the algal species Chlorococcum

humicola, Tetradesmus sp. and Oscillatoria sp. were examined for their tolerance 

potential against different wastewater concentrations under natural environment. The 

results revealed that selected microalgae reutilized nutrient resource and removed 
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heavy metals from municipal wastewater. Microalgae Tetradesmus sp. and C. 

humicola efficiently removed toxic metal pollutants from wastewater than the 

Oscillatoria sp. as evident from the improvement in the water quality parameters such 

as EC, TDS, TS, BOD and DO level of water. The total chlorophyll (82%), protein 

(37.50%) and carbohydrate content (123.12%) was observed highest in Tetradesmsus 

sp. after treatment with different concentration of wastewater while the maximum 

increase in lipid content (39.81%) was observed with C. humicola at 75% wastewater 

concentration. Furthermore, a compositional alteration showed by FTIR spectroscopy 

clearly demonstrated that wastewater (100%) enhanced lipid synthesis which was 

maximum in C. humicola and Tetradesmus sp. than the Oscillatoria sp. As compared 

to Oscillatoria sp., a greater increase in the level of anti-oxidative compounds in 

Tetradesmus sp. and C. humicola with simultaneous decline in the oxidative stress 

markers exhibited tolerant behaviour against the wastewater induced toxicity. In order 

to counterbalance the wastewater induced toxicity, Tetradesmus sp. showed highest 

proline (4.63 folds), catalase (4.95 folds), superoxide dismutase (1.76 folds) and 

glutathione reductase (7.00 folds) while ascorbic acid (9.25 folds) and cysteine (4.92 

folds) activity was highest in C. humicola at different concentrations of wastewater. 

Similarly, the growth pattern, cellular modification, oxidative stress markers, and 

defense responses of Chlorella vulgaris and Scenedesmus vacuolatus were analyzed 

after treatment with municipal wastewater (25-100%). The results revealed that the 

nutrients and heavy metal removal was highest at 25% of wastewater concentration 

while maximum specific growth rate (0.0708 day
-1

), total chlorophyll (0.118 mg g
-1

fw), and carbohydrate content (24.06 mg L
-1

 fw) was observed with Scenedesmus

vacuolatus at 50% concentration of wastewater. Under natural environment, the algal 

species showed declined pigment and carbohydrate synthesis at 75% and 100% 

https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
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concentration of wastewater. Furthermore, the lesser accumulation of thiobarbituric 

acid reactive species and hydrogen peroxide while increment in antioxidants activity 

may be responsible for imparting tolerance to Scenedesmus vacuolatus against 

different concentrations of municipal wastewater. Under natural conditions, 50% and 

100% wastewater concentration was suitable for excellent growth and lipid 

accumulation in Scenedesmus vacuolatus, respectively. Overall, it was observed that 

Scenedesmus vacuolatus, C. humicola and Tetradesmus sp. were tolerant to different 

wastewater concentrations and exhibited higher nutrient capturing potential, growth 

rate and lipid production due to their proficient cellular defense system. 

In the 2
nd

 objective, the effort was made to form the algal consortia on the

basis of nutrient reutilization, metal detoxification potential, lipid production and 

antioxidants defense response of monoalgal species under natural environment. Two 

algal consortia (consortia 1: Tetradesmus sp. + Scenedesmus vacuolatus and consortia 

2: Chlorococcum humicola + Scenedesmus vacuolatus + Tetradesmus sp.) were 

employed for municipal wastewater treatment under laboratory conditions (light 

intensity 30 W/m
2
 and te pe     e  3     . The results of remediation efficiency,

growth profile and biomass production reflected greater adaptability and tolerance of 

consortia 1 against different concentrations of municipal wastewater. The 

photosynthetic parameters such as Fv/Fo, Fv/Fm, and Piabs were increased by 1.20-

2.35 folds in consortia 1 treated with municipal wastewater (25-100%). Additionally, 

FTIR spectroscopy showed neutral lipid accumulation (1750 cm
-1

) in consortia 1 after

treatment with wastewater (100%). The oxidative stress markers showed considerable 

decline in consortia 1 as compared to consortia 2. Interestingly, increased antioxidant 

activity (1.02-4.14 folds) reflected that oxidative damage to consortia 1 was 

counterbalanced by the strong defense mechanisms. Overall, remediation efficiency, 

https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
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photosynthetic performance and antioxidants activity suggested that the consortia 1 

can be used for efficient wastewater treatment and lipid production in sustainable 

manner. 

In the 3rd objective, suitability of municipal wastewater as growth media for 

consortia was analyzed by examining the phyco-remediation potential, growth profile, 

biomass production and photosynthetic efficiency of consortia 1 and 2 under light 

intensities of 20 W/m
2
 and 40 W/m

2
. By the end of experiments under laboratory

condition, significant decline of 40-90% in different physico–chemical attributes such 

as EC, TDS, BOD, nitrogen, phosphorus and heavy metals was observed with 

consortia 1 and 2 under light intensity of 40 W/m
2
. Additionally, abundance of lipid,

protein, and carbohydrates showed by FTIR spectroscopy in treated consortia 1 and 2 

exhibits different functional groups for bio-adsorption of metal from wastewater. 

Higher light intensity (40 W/m
2
) induced neutral lipid accumulation in consortia 1

was reflected by the absorption peak at 1750 cm
-1 

from FTIR
 
spectra. Furthermore,

the maximum total chlorophyll content and photosynthetic performance revealed that 

light intensity of 20 W/m
2 

and 40 W/m
2
 increased the functioning of PS II in consortia

1 than consortia 2. Simultaneously, the elevated ascorbic acid, proline, cysteine, 

suproxide dismutase, catalase and glutathione reductase activity may offset the 

damage posed by wastewater and light intensity. The results also exhibited that fatty 

acid responsible for good quality biofuel production were in abundant percentage in 

consortia 1 and 2 treated with wastewater (100%) under light intensity of 20 W/m
2

and 40 W/m
2
. Overall, consortia 1 were competent to adapt under different

wastewater concentrations and light intensities as evident by the increment in growth, 

photosynthetic performance, antioxidant activity and fatty acid composition while 

consortia 2 showed promising potential at 40 W/m
2
.
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Under natural conditions, the lack of control on temperature is major 

limitation for large scale cultivation of microalgae. Therefore, it is very imperative to 

examine the effects of different temperature regimes on remediation efficiency, 

growth, lipids, antioxidant activity and biofuel production in algal consortia. The 

 es l s exhibi ed  h    e pe     e  egi e of 4 ˚   enh nced  he n   ien   nd  e  l 

removal efficiency of selected consortia with maximum in consortia 1. Highest 

photosynthetic performance and lipid accumulation indicated efficient tolerance and 

adaptability of consortia 1    2 ˚    nd 4 ˚  . Further, the fatty acid profile revealed 

the highest percentage of SFA in consortia 1 (43.70%) and consortia 2 (46.99%) 

treated with wastewater (100%) at  e pe     e  egi es of 4 ˚  . F   he  o e, the 

maximum increment in TBARS (7.32 folds) and H2O2 (5.95 folds) was observed in 

conso  i  2    4 ˚    nd 2 ˚  ,  espectively. Antioxidants like ascorbic acid (3.93 

folds), SOD (4.50 folds) and GR (1.10 folds) activity was also observed to increase in 

consortia 1 with wastewater concentration gradient at 20˚ C than 40˚ C. Overall, the 

results suggested that consortia 1 showed high photosynthetic efficiency, lipid 

production, antioxidant activity and dominance of fatty acid at 20˚ C and 40˚ C. Thus, 

consortia 1 can serve as the flexible system for wastewater treatment and bio-energy 

production under different temperature regimes.  

The operating conditions in the laboratory and natural environment are totally 

different therefore; the selected algal consortia were examined for tolerance and 

adaptability under natural conditions. The results showed that consortia 2 was 

efficient in recovering nitrate-nitrogen (82.92%) and phosphorus (70.47%) from 

municipal wastewater. Further, the results exhibited highest metal removal efficiency 

in case of consortia 2 treated with municipal wastewater (100%). The excellent 

remediation efficiency of consortia 1 and 2 was also evident from the FTIR spectra. 



Chapter-10    Summary and Conclusion 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022            239 

The results further showed that total chlorophyll, carbohydrate and protein content 

was decreased significantly in consortia 1 treated with municipal wastewater than 

control. However, an increase of 4.01 and 1.17 folds in lipid content was observed in 

treated algal consortia 1 and 2 in comparison to their respective control. The 

enhancement in lipid accumulation was also confirmed through FTIR spectroscopy. 

The results exhibited the improved photosynthetic performance as evident from 

increased Fv/Fo, Fv/Fm and Piabs value in consortia 2. The results further depicted the 

maximum increase in TBARS (1.56 folds) and H2O2 content (1.53 folds) in 

wastewater treated consortia 1. In case of antioxidants, the maximum increase in 

ascorbic acid (2.43 folds), proline (3.34 folds) and cysteine (1.29 folds) was observed 

in consortia 2 while highest SOD (1.75 folds), catalase (2.64 folds), and GR (1.19 

folds) activity was observed in consortia 1. The increased activity of antioxidants in 

selected algal consortia may assist to maintain the cellular balance by scavenging 

hydroxyl, superoxide and peroxide radicals instigated by wastewater and unfavorable 

conditions under natural environment. Overall, it can be concluded that due to 

remarkable nutrient recovery, metal removal and photosynthetic performance, 

consortia 2 could be exploited for wastewater remediation under natural environment.  

Overall, algal consortia 1 showed excellent growth rate, biomass production, 

lipid yield, photosynthetic performance and biofuel production after treatment with 

wastewater under laboratory conditions while consortia 2 showed proficient ability 

under natural conditions. Therefore, wastewater treatment system utilizing microalgae 

consortia can serve as the futurists approach to deal with water pollution and energy 

scarcity simultaneously. This work provided the experimental evidence that consortia 

of different microalgae can be the practical approach to treat wastewater and augment 

biofuel production in economical and eco-friendly manner. Thus, the synergistic 



Chapter-10    Summary and Conclusion 

Dig Vijay Singh/Ph.D. Thesis/ DES/BBAU/2022       240 

association of different microalgae may be the neoteric paradigm with multilevel 

benefits such as resource reutilization, heavy metal detoxification, and excellent 

defense mechanisms along with suitable fatty acid composition for biodiesel 

production. 

Main outcome of the study: 

 Microalgae Scenedesmus vacuolatus, Tetradesmus sp. and Chlorococcum

humicola was more competent in removal of dissolved solids, organic matter, 

nutrients and metal pollutants from wastewater as evident from the improvement 

in the water quality parameters. 

 Monoalgal species and their consortia were efficient to recover the nutrient

resource and detoxify metals at 25% and 50% as compared to 75% and 100% 

wastewater concentration.  

 Wastewater concentration of 50% improved growth, total chlorophyll and

carbohydrate synthesis in Scenedesmus vacuolatus, Tetradesmus sp. and 

Chlorococcum humicola. 

 Synergistic interactions and the perfect utilization of nutrient resource from

wastewater stimulated the prolific growth of algal consortia 1 and 2.  

 Maximum nutrients and metal removal along with efficient growth and biomass

production reflected greater adaptability of consortia 1 than consortia 2. 

 Algal consortia 1 was promising one to withstand different light intensities and

temperature regimes as compared to consortia 2. 

 Different municipal wastewater concentrations, light intensities and temperature

regimes improved the photosynthetic performance of consortia 1. 

https://www.sciencedirect.com/topics/engineering/scenedesmus-obliquus
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 Under natural conditions, excellent photosynthetic performance confirmed that

consortia 2 could serve as the promising bio-system to adapt in municipal 

wastewater. 

 Lipid accumulation potential of treated consortia 1 was higher than consortia 2

under laboratory as well natural conditions. 

 Under different light intensities and temperature regimes, FTIR spectroscopy

confirmed wastewater induced TAG accumulation in algal consortia 1. 

 Algal consortia 1 and 2 showed excellent performance at higher light intensity (40

W/m
2
) in terms of growth, biomass production, photosynthetic efficiency and

antioxidants activity. 

 Increment in antioxidant activity in consortia 1 at 40 W/m
2
 confirmed that

oxidative stress was attenuated by the amplified activity of non-enzymatic and 

enzymatic antioxidants. 

 Antioxidants like ascorbic acid, superoxide dismutase and glutathione reductase

activity amplified in consortia 1 treated with wastewater concentrations    2 ˚  . 

 FTIR spectroscopy showed that consortia 1 was enriched with different enzymatic

antioxidants as well as phenolic compounds that could be responsible for 

imparting tolerance against wastewater (100%) and temperature stress (4 ˚   . 

 Light intensity (40 W/m
2
   nd  e pe     e (4 ˚ C) enhanced the percentage of 

SFA in consortia 1 and 2. 

 Palmitic acid was the dominants fatty acid in wastewater (100%) treated consortia

1 and 2 at different light intensity and temperature regimes. 

 Promising remediation potential, photosynthetic performance and antioxidants

activity reflected that consortia 1 and 2 could be exploited for wastewater 

treatment under both laboratory as well as natural conditions.  
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Algal consortia based metal detoxification of municipal wastewater:
Implication on photosynthetic performance, lipid production, and
defense responses
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H I G H L I G H T S

• Consortia removed nutrients (83–98%)
and detoxified heavy metals (50–94%)
from WW.

• Different WW concentrations amplified
photosynthetic performance of consortia
2.

• FTIR spectroscopy showed WW triggered
neutral lipid accumulation in consortia 2.

• Antioxidant responses indicated that con-
sortia 2 was competent to tolerate heavy
metals.

• Consortia of twomicroalgae seem feasible
for WW remediation and lipid production.
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The present investigation was carried out to assess the competence of artificially engineered microalgal consortia i.e.
consortia 1 (Scenedesmus vacuolatus+Chlorococcum humicola), consortia 2 (Tetradesmus sp.+ Scenedesmus vacuolatus),
and consortia 3 (Chlorococcum humicola+ Scenedesmus vacuolatus+ Tetradesmus sp.) for municipal wastewater treat-
ment and lipid production under laboratory conditions. The purpose of the present study was to screen the competent
microalgae consortia based on wastewater remediation, photosynthetic performance, and antioxidant defense re-
sponses. The outcome based on nutrient reutilization (78.98–98%), metal detoxification (50–94%), and biomass pro-
duction (1.43–1.65 folds) reflected greater adaptability and tolerance of consortia 2 against different concentrations of
wastewater. The photosynthetic performance parameters such as active photosystem II reaction centre, the quantum
yield, and photosynthetic performance indexwere increased by 1.20–2.35 folds in consortia 2 after treatment with dif-
ferent concentrations of wastewater. Additionally, Fourier transform infrared spectroscopy peak showed at 1750 cm−1

confirmed neutral lipid accumulation in consortia 2 at 100% concentration of wastewater. The measurement of oxida-
tive stress markers such as thiobarbituric acid reactive species and hydrogen peroxide showed considerable decline in
consortia 2 as compared to consortia 1 and 3. Interestingly, increased non–enzymatic (1.02–2.44 folds) and enzymatic
antioxidant (1.05–4.14 folds) activity in consortia 2 reflected that oxidative stress was attenuated by the amplified ac-
tivity of ascorbic acid, proline, cysteine, superoxide dismutase, catalase, and glutathione reductase. Overall, photosyn-
thetic performance, lipid production, and antioxidants activity represented that the consortia 2 can be effectively used
for sustainable wastewater treatment and lipid production. Thus, the synergistic association of twomicroalgaemay be
the superior and neoteric paradigmwithmultilevel benefits such as sustainable nutrient resource utilization, metal de-
toxification, and lipid production.
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Photosystem II
Oxidative stress
Antioxidants
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a b s t r a c t

In the present investigation, the growth pattern, cellular modification, oxidative stress
markers, and defense responses in Chlorella vulgaris and Scenedesmus vacuolatus were
analyzed after treatment with municipal wastewater (25%–100%). The main aim was to
compare the Chlorella vulgaris and Scenedesmus vacuolatus on account of remediation
efficiency, lipid production and defense responses under different concentrations of
wastewater. The results revealed that the nutrients (93.28%) and heavy metal (92.08%)
removal was highest at 25% of wastewater concentration while maximum specific
growth rate (0.0708 day−1), total chlorophyll (0.118 mg g−1 fw), and carbohydrate
content (24.06 mg L−1 fw) was observed with Scenedesmus vacuolatus at 50% concentra-
tion of wastewater. Additionally, fourier transform infrared spectroscopy showed 100%
concentration of wastewater enhanced lipid accumulation in Scenedesmus vacuolatus
than Chlorella vulgaris. The lesser accumulation of thiobarbituric acid reactive species
and hydrogen peroxide while increment in antioxidants activity (1.87–15.63 folds)
may be responsible for imparting tolerance to Scenedesmus vacuolatus against different
concentrations of municipal wastewater. Overall, the study revealed that 50% and 100%
wastewater concentration was suitable for excellent growth and lipid accumulation in
Scenedesmus vacuolatus, respectively. Thus, due to high nutrients reutilization potential,
metal removal rate, growth profile, lipid production, and anti-oxidative responses,
Scenedesmus vacuolatus seems more effective and tolerant than Chlorella vulgaris. There-
fore, exploiting Scenedesmus vacuolatus may be the successful step towards sustainable
management of wastewater and lipid production.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Globally, water pollution is the major issue that is increasing due to simultaneous increase in population, urbanization
(Singh et al., 2020), industrialization, and impromptu management of wastewater (Singh and Singh, 2021). The problem
of wastewater management is more severe in developing countries like India where various technological and economic
constraints are the major hurdles in proper wastewater treatment (Upadhyay et al., 2021). Wastewater of different origins
differs greatly in physical and chemical properties. Wastewater rich in organic matter, nutrients, salts, and heavy metals
not only deteriorate water quality but also disturb the equilibrium of the recipient water bodies (Rajasulochana and
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a b s t r a c t

Water pollution has grown to be a grave concern in the world. Direct discharge of
wastewater poses risks to the aquatic ecosystems by causing eutrophication and de-
grades their physico-chemical characteristics. Moreover, wastewater is mainly enriched
with recalcitrant toxic substances that pose detrimental impacts on the receiving envi-
ronments. Conventional treatment approaches are mostly applied to remove nuisance
pollutants from aquatic systems but are expensive and inefficient. Exploring microalgae
has been found to be an efficient and ecofriendly technique for purification of aquatic
environs. Furthermore, microalgae can effectively remove N (90–98.4%), P (66%–98%),
Pb (75%–100%), Zn (15.6–99.7%), Cr (52.54%–96%), Hg (77%–97%), Cu (45%–98%) and
Cd (2–93.06%) from contaminated aquatic systems. Microalgae play a pivotal role in
degrading the complex pesticides (α-endosulfan, lindane, isoproturon and glyphosate)
and emerging concerned contaminants (triclosan, bisphenol A, 17α-ethinylestradiol,
tramadol and diclofenac) in elegant manner from disturbed environs. Apart from toxic
pollutant removal, microalgae produce biomass, thereby acts as the efficient source
of additional products like biofuel, carbohydrates, lipids and proteins which can make
phycoremediation more frugal and sustainable.

© 2020 Elsevier B.V. All rights reserved.
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a b s t r a c t

The present study was conducted to assess the efficiency of naturally growing compe-
tent microalgal consortia (Chlorella vulgaris, Chlorococcum humicola and Nannochloropsis
sp.) in the waste remediation of sewage water and lipid production. Results showed
that microalgal consortia during wastewater (WW) treatment efficiently utilized the
inorganic nutrients (N and P) and exhibited higher growth, biomass and photosystem
II activity (Fv/Fo, Fv/Fm, Mo, ETo/RC and PiAbs) as compared to respective individual
algal species. SEM data showed clumped morphology and 16.21% increases in the
cell size treated with WW. The wastewater treated with microalgal consortia showed
reduction in physicochemical parameters viz., conductivity (19.24%), NO−1

3 (68.55%),
PO−3

4 (55.99%), TS (41.31%), TSS (35.48%), TDS (53.32%) and BOD (66.85%) after 15d
of treatment. The FTIR spectra (4000–3400 cm−1) of algal biomass generated in BG-
11 nutrient solution (NS) and wastewater showed higher absorption representing –OH
compounds as compared to tap water. Further, the high IR spectral peak length ratio of
L/C in microalgal consortia treated with WW exhibited greater lipid accumulation which
could be used in the bioenergy production in sustainable way. Thus, species richness and
complementary association of algae may be a better solution with multiple benefits of
waste reutilization, phycoremediation and lipid yield.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The unprecedented population growth on the earth has become a serious cause of various socioeconomic apprehen-
sions like the fresh water scarcity, massive waste load, land shortage and energy (Dong et al., 2018; Enamala et al.,
2020). These paradigms are directly associated with mismanaged water practices, developmental priorities, fast industrial
insurgency and high living standards. In developing countries like India, high population growth significantly contributes
to direct discharge of waste water into the river without any proper management due to limited facilities, large area
requirement and high cost of water treatment operation and maintenance. To reduce the waste, focus should be directed
towards application of wastewater as source of nutrients and energy for micro-organisms (Perry et al., 2011). Among
different bio-remediation methods, phycoremediation by microalgae is currently exploited as the flexible and ecofriendly
approach for management of contaminated environments. Thus, coupling of algal phycoremediation of wastewater with
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The present study was conducted to examine the photosynthetic performance, nutrient status and lipid yield in
microalgae Chlorococcum humicola and Chlorella vulgaris under different durations of UV-B exposure (1/2 h, 1 h, 2 h,
3 h and 4 h). Results revealed that UV-B reduces the photosynthetic performance of photosystem II by altering photo-
synthetic performance index (Pi ABS), maximum quantum yield (Fv/Fm), net closing rate of reaction centre (Mo), trap-
ping flux (TRo/RC) and effective antenna size with their respective control. Scanning Electron Microscopy (SEM)
exhibited variegated structure and increased cell size by ~15–65% which was more pronounced in the case of
C. humicola at 4 h of UV-B. The Energy Dispersive Spectroscopy (EDS) data showed that the content of microelements
(C, O, Na, and K) in terms of atomic weight % was found to be significantly increased in C. vulgaris while with
C. humicola, it was restricted to carbon (C) only. Further, the high antioxidant (ascorbic acid, cysteine and proline)
potential and carotenoid/chl a photoprotection response reflects protection against UV-B in the both algae. In the
case of lipid, comparative greater increase in cell size of C. humicola correlated with high lipid yield as compare to
C. vulgaris at 2 h of UV-B could be employed in the production of biofuel in sustainable manner. Thus, algae
C. humicola could be a best alternative feed stock of lipid and biofuel production in the area receiving high solar
radiation.
Keywords:
UV-B
Chlorophyll fluorescence
Nutrient status
Lipid yield
SEM-EDS
1. Introduction

Since time immemorial, energy is the fundamental prerequisite for the
existence of lives on the earth. The major source of energy is fossil fuel
which continuously dwindling due to overexploitation and anthropogenic
interferences (Gasparatos et al., 2017). This might have cause a paradigm
shift towards a search for renewable source to meet the demand of energy.
The renewable sources includes solar energy, agricultural crops (Maize,
Sunflower), non-agricultural crops (Jatropha sp.) and algae (Voloshin
et al., 2016). The cultivation of microalgae are more ecofriendly and
cheaper as it can be cultivated in waste water as well as in non-arable
land. Over the past few years, microalgae- a third generation biofuel acts
as a bridge in the production of bio-energy against limited water, land
and environmental stress (Stockenreiter et al., 2016). Off the environmen-
tal stressors, solar ultraviolet radiation (UVR) emission has profound effect
on the chemical composition of the atmosphere, flora and fauna
(Madronich et al., 2018). It has also been reported that UVR play significant
role in the generation of photochemical smog, photo damage, change in
an open access article under
rg/licenses/by-nc-nd/4.0/).
precipitation pattern, coral bleaching, vegetation loss and agricultural esca-
lation and altering ecosystem services etc. (Jansen et al., 1998; Danovaro
et al., 2008; Comont et al., 2013; Kataria et al., 2014; Williamson et al.,
2014).

The UV-B irradiance (5% of total UV light from the sun) supplied by the
sun is a serious hazard to lives on the earth (Herndon et al., 2018). Algae
being dominant photosynthetic microorganisms in upper layer of aquatic
surface are more prone to high UVR exposure leads to bring about photo
bleaching coupled reduced upwelling of nutrients and oxidative damage
(Williamson et al., 2019). In addition, UVR causes photosynthesis inhibi-
tion in algae, damage the efficiency of the biological pumps and fixation
of CO2 for their subsequent transfer into the organic matter (Mata et al.,
2010). However, microalgae have shown tendency to acquire high degree
of adaptation against UVR during the course of evolution (Holzinger
et al., 2018). The high adaptability of microalgae against UVR is not only
valuable for lipid production but also beneficial for accumulation of nutri-
ents, carbon sequestration, environmental remediation, nutrient cycling
and production of oxygen in the environment (Brennan and Owende,
2010; Mata et al., 2010).

The UV- B (280–320 nm) is known to have both detrimental and bene-
ficial effects on plants animals and microalgae (Hockberger, 2002). In
animals, UV-B causes skin diseases, dermatitis, DNA damage, mutation,
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necessary resource for the survival of organisms and underpins the functioning of different ecosystem (Mushtaq et al.,

2020). Inspite of being essential component of the life, water is one of the most poorly managed natural resource today.

The most pervasive problem that affects the global population is inadequate access to clean water. Shrinking lakes,

rapidly declining ground water table, deteriorating water quality and inadequate treatment methods has increased the

scarcity of freshwater (Hoekstra, 2014). Water crises and insufficient clean water has become the world’s most persistent

problem now (Hanikel et al., 2020). The scarcity of clean water will more worsen in near future even in the regions

currently containing adequate quantity of water for human use, if not managed properly. At world economic forum, Ban

Ki-moon urged leaders from the all over the world to keep water crisis as the top agenda to prevent emerging conflicts

over the freshwater. The inadequate freshwater availability and supply will hamper economic growth and accelerate the

regional disputes for the water (Hightower and Pierce, 2008). Schewe et al., (2014) have reported that climate driven

changes can leads to increment of 40% people living in regions with water availability of less than 500 m 3 yr −1 . By

2050, the population will reach to 9.5 billion globally and approximately 66% of total population will shift from rural to

urban area (UN, World Urbanization Prospects: The 2014 Revision). Such population growth and migration towards urban

areas will not only increase water scarcity but also leads to vast generation of wastewater

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4201195
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