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Preface

This book provides a comprehensive overview of bioprocess technologies 
designed to transform renewable resources into biofuels. A major focus is placed 
on waste valorization, specifically the conversion of agricultural residues and food 
waste into biofuels like bioethanol, biobutanol, and biohydrogen. By tapping into 
waste streams, the book emphasizes the importance of a circular economy and 
the role of resource recovery in sustainable bioenergy production. It highlights 
the potential of algae as a biofuel source, while addressing the challenges and 
prospects for large-scale production. The text explores the role of machine learning 
and genetic engineering, showcasing how these technologies optimize biofuel 
processes and drive innovation in the field. The book also discusses advanced 
energy management systems, aiming to enhance the sustainability of biofuel 
production through energy recovery and integration. Microbial biofuel production 
and enzyme-based processes are examined in detail, offering insights into cutting-
edge techniques that harness biological activity for bioenergy generation. In 
addition to these practical approaches, the text delves into the use of computational 
Modeling for optimizing biofuel production. The focus on integrated biorefineries 
highlights their role in creating efficient, scalable systems, which are essential for 
a sustainable bioeconomy. 

In Chapter 1, we start with an Algal Biofuel Utilization: Challenges and 
Prospects. Chapter 2 looks at how Production of Bioenergy using Algal Biomasses: 
Challenges and Prospects. Chapter 3 focuses on how the Exploring the Biofuel 
Production Through Algal Genetic Engineering: Current Techniques and 
Challenges, while Chapter 4 highlights the role of Smart Energy Management and 
Recovery Towards Sustainable Bioenergy, Chapter 5 introduces the Pre-Treatment 
of Lignocellulosic Wastes for Biofuel Production. Chapter 6 Valorization of 
agricultural wastes for Glycerol production. Chapter 7 explains how Valorization 
of Agricultural Wastes for Bioethanol Production, Chapter 8 discusses how Smart 
fuel and its Management Towards Sustainable Bioenergy, Chapter 9 looks at how 
Cellulosic Biomass Fermentation for Bioenergy Generation, Chapter 10 explores 
how Lignocellulosic biomass biorefineries towards circular economy.

Chapter 11 explains how Advances in Green Microbial Biofuel Production and 
Chapter 12 focuses on Lignocellulosic Biomass for the Production Biohydrogen. 

This book aims to simplify complex ideas and provide practical insights into 
how biomass can revolutionize biofuels, helping to meet the world’s growing 
energy needs in an environmentally friendly way.

Editors
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Exploring the Biofuel Production Through 
Algal Genetic Engineering: Current 
Techniques and Challenges
Anand Kumar and Ankit Agrawal
Department of Biotechnology, IFTM University, Moradabad, Uttar Pradesh

Abstract

In this era, the consumption for fuel has surged, leading to the exploitation of 
natural resources and increased pollution. This condition has magnified the need 
to discover safe alternative energy sources. Algae are known for their significant 
role to produce a broader range of valuable products, including biomolecules 
like lipids and carbohydrates that can be transformed into biofuels. This has 
captured more attention to their use. Algae are considered as more economic 
biofuel rather than traditional crop-based sources which consume arable land 
and harm food security. But due to their limited capability of manufacturing the 
biomolecules constraints the production of biofuel. To overcome this situation, 
numerous genetic engineering techniques have been developed to enhance yield 
of biofuel. Recent innovations like CRISPR/Cas9, RNA interference (RNAi), 
transgenic methods, genome sequencing, and micro biome engineering, activates 
more genetic modifications in algae. Additionally, to support the fourth-generation 
biofuels, genetic engineering and computational methodology are essential for 
standardizing algal growth conditions. This chapter provides insights to enhance 
biofuel production from algae, by creating the recombinant microalgal strains 
through genetic engineering methods. To overcome preexisting production 
hurdles, techniques like omics and flux analysis facilitate the mathematical 
evaluation of such modifications. Apart from to imrove biomass and lipid content 
in certain algal species, technologies such as: high-throughput strain engineering, 
omics-informed modeling and microbiome engineering are playing key role. This 
collaborative use of technologies opens the gateway for comprehensive strategies 
in efficient algal biofuel production.

Keywords: Microalgae, Genetic modification, Biofuels, RNAi, Computational 
biology and Renewable energy



1.  Background
The growing global population, industrialization, and urbanization have 

driven rising energy demand, with primary energy use increasing by 5.8% in 2024 
(BP Statistical Review of World Energy 2024). The need for secure, affordable, 
and low-carbon energy is critical due to fossil fuel depletion, global warming, and 
geopolitical tensions. Clean energy sources like solar, wind, and biofuels are being 
explored, with biodiesel standing out as the only biofuel capable of fully replacing 
fossil fuels (Aizouq et al., 2020). Many countries, including India and China, are 
advancing biofuel production, with the latter viewing it as a key to energy security. 
Biofuels, derived from various sources like algae, crops, and waste, include 
biodiesel, bioethanol, and biogas. They are categorized into four generations 
based on feedstock. First-generation biofuels, made from edible materials, face 
food vs. fuel competition. Second-generation biofuels from non-edible sources 
are more sustainable but still face resource limitations (Lv et al., 2019). Third- 
and fourth-generation biofuels from microalgae offer higher yields and better land 
use, with species like Chlorella vulgaris and Nannochloropsis oceanica showing 
promise for biodiesel production. Microalgae’s fast growth and efficiency have 
led to advances in biodiesel production, although challenges remain, such as 
species selection and production scale-up (Arora et al., 2021). But there is a 
constraint for commercial availability of these biofuel which are the economic and 
environmental obstacles that are creating problematic condition for approval and 
use of genetically engineered microalgae for their potential to enhance lipid yields. 
This chapter delves into the current opportunities and challenges in microalgae 
biofuel production, focusing the need for regular research and innovation (Maliha 
and Abu-Hijleh 2022).

2.  Choosing the Different Classes Of Microalgal Strains
The achievement of huge-scale microalgal culture relies on picking appropriate 

species. The production of various lipids greatly affects the selection of strains 
and biofuel properties. For the biodiesel, Triacylglycerol (TAG) is the preferred 
lipid but compared to green algae its content is typically low in cyanobacteria. 
with the average lipid content of 25.5%, green algae (Chlorophyceae) stand as 
the largest class of oleaginous microalgae, which can rise under nutrient stress 
(Saini et al., 2021). Also, the biomass productivity is equally important for high 
lipid productivity as high lipid content is beneficial. For biodiesel production, 
strain selection should focus on both lipid content and biomass. Chromochloris 
zofingiensis shows the highest lipid productivity among all classes of green algae. 
The saturated (SFA) and monounsaturated fatty acids (MUFA) fatty acid (FA) 
being dominant, their composition also plays a vital role in biodiesel quality. It 
has seen those high levels of C16:0 and C18:1 in microalgae is ideal for biodiesel 
production (Bharti et al., 2021). Therefore, for improved biodiesel performance, 
strain selection should consider both lipid productivity and FA composition 
(Bagchi and Mallick, 2016).

44  |  Biofuels Production Using Sustainable Bioprocessing Technologies



3.  Microalgae Cultivation Systems Stimulates Lipid Accumulation
As the microalgae cultivation can use basic nutrients or wastewater while 

absorbing CO
2 
it is relatively simple because it can occur in open or closed systems. 

It is interesting that systems like artificial ponds and large water bodies are used 
in open systems with various agitation methods, while photobioreactors (PBRs) 
like plastic bags, tubes, and plate reactors are used in closed systems (Plohn et al., 
2021). Due to lack of light inefficiency, CO

2
 loss stable environmental control and 

easy contamination, initially open systems were preferred commercially for lower 
costs and ease of operation (Behl et al., 2020). These issues are addressed properly 
in closed PBRs, offering reduced contamination, better photosynthetic efficiency 
and higher biomass and lipid productivity (Wang et al., 2021).

Fossil 
fuels

Clean 
energy

Biofuels 1st 
and 2nd 

generations

Cultivation 
conditions 

control

Biofuels 3rd 
and 4th 

generations

Fig. 1: Graphical representation of time laps for growth of biofuels

3.1  Factors Affecting Lipid Accumulation
Oleaginous microalgae are abundant, but lipid levels vary based on lipid 

metabolism modifications. Common methods to increase lipid productivity 
include nutrient deficiencies, stress, and environmental changes (Hui et al., 
2016). Phototrophic microalgae produce biomass by absorbing CO

2
, with 1–5% 

CO
2
 concentration being optimal for growth. Higher CO

2
 concentrations inhibit 

growth, while low or excessively high concentrations reduce lipid content 
(Nakanishi et al., 2014). In this range, increased CO

2
 helps species like Tribonema 

minus, Chlamydomonas, and Nannochloropsis accumulate more lipids. For large-
scale production, industrial flue gas provides an economical CO

2
 source for 

biofuel production (Krishnan et al., 2014). Microalgae species thriving in elevated 
CO

2
 environments, with some showing enhanced lipid accumulation at 15% 

CO
2
, have been identified. Chile and Colombia have implemented microalgae 

photobioreactors for carbon capture, demonstrating the feasibility of using high-
CO

2
-adaptive microalgae for large-scale biofuel production (Yanlin et al., 2014). 

However, this represents only a limited selection of species. NaHCO
3
 is a valuable, 

easier-to-handle carbon source for microalgae compared to gaseous CO
2
 (Bagchi 
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and Mallick, 2016). Studies show that NaHCO
3
 significantly increases lipid 

content in species like D. salina, D. tertiolecta, Scenedesmus, and Nannochloris, 
especially under nutrient-deficient conditions (Shin et al., 2018). Some microalgae 
even prefer NaHCO

3
 over CO

2
 for lipid biosynthesis, likely due to enhanced 

enzyme activity in lipid metabolism, which boosts inorganic carbon assimilation.

3.2  Performance of Photobioreactors
PBRs allow for a broader range of microalgae species compared to open 

systems, enabling higher biomass and lipid accumulation. Species like C. 
reinhardtii, N. oceanica, and Chlorella pyrenoidosa thrive in PBRs, showing 
better growth performance than in open systems (Aizouq et al., 2020). The design 
of PBRs significantly impacts productivity, leading to innovations to optimize 
biomass production, reduce costs, and improve efficiency, especially through 
membrane PBRs using wastewater for lipid production. PBRs enhance light energy 
efficiency through improved light paths and mass transfer, boosting biomass and 
lipid accumulation. Hydrodynamics and fluid mixing in PBRs are critical for 
nutrient delivery and preventing sedimentation, with optimized designs improving 
biofuel production (Arora and Philippidis 2021). Proper reactor configurations 
and operating conditions are crucial to maximizing productivity while preventing 
cell damage (Bergthorsen and Thomson, 2015)

Limitations and Future Perspectives of PBRs
Although various PBR configurations are effective for microalgae growth, 

they are often energy-intensive and costly. For example, flat plate PBRs requires 
large space and are prone to photoinhibition and high costs (Bharti et al., 2021). 
Column PBRs have lower surface-to-volume ratios and are costly to mix, while 
tubular PBRs face overheating and fouling issues (Chong et al., 2023). Softframe 
PBRs struggle with fragile materials, poor mixing, and leakage. Hybrid PBRs, 
despite their potential, encounter membrane fouling and energy imbalance. 
Scaling up from pilot plants to full-scale operations is difficult without consistent 
data on both biomass and lipid productivity. Optimizing PBR design for different 
microalgae species and metabolites is essential for future sustainable development 
and scaling (Behl et al., 2020).

4.  Opportunities in Converting Microalgae to Biofuel and Its  
Scale-up
Transportation fuels and the energy industry contribute most energy-related 

emissions. Renewable energy currently makes up about 11% of global primary 
energy but is expected to reach 60% by 2070. Early biofuel development focused 
on converting plant sugars into ethanol and upgrading vegetable oils (Noraini et al., 
2014). While biofuel production and use are expected to increase, its contribution 
to total energy demand, especially in transportation, will remain limited due to 
competition with food and fiber production, agricultural practices in emerging 
markets, market constraints, and biodiversity conservation. Research now centers 
on finding sustainable biofuel feedstocks, scaling up microalgae use, and utilizing 
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hydrothermal liquefaction, though challenges exist in upscaling algae cultivation, 
particularly in marine and coastal environments (Bergthorsen and Thomson, 
2015). The technology to make each stage of biofuel production from microalgae 
economically viable—such as cultivation, harvesting, transport, pretreatment, 
and conversion—has not yet been developed. Key challenges include securing 
sufficient fresh water, nutrient sources (nitrogen, phosphorus, trace elements), and 
cost-effective, energy-efficient methods for biomass harvesting, oil extraction, and 
conversion. Additionally, technologies for CO

2
 mitigation and system integration 

are still needed. If these issues are resolved, algal cultivation could provide a 
sustainable feedstock and offer potential for CO

2
 remediation, with microalgae 

fixing more CO
2
 than terrestrial biomass (Ullah et al., 2014). During the conversion 

process, organic nitrogen turns into ammonia in reducing environments and NOx 
in oxidizing environments. In biogas production, high nitrogen content in algal 
biomass can cause ammonia toxicity, hindering bacterial decomposition (Coelho 
et al., 2014). Nitrogen also produces NOx during gasification, which, when 
performed with limited oxygen, releases NOx into the atmosphere—a concern 
due to its greenhouse gas properties, requiring strict emission controls. Challenges 
in scaling up the microalgae industry include high installation and operating 
costs, strain robustness, lipid quality for biodiesel, lipid loss during scale-up, and 
difficulties in managing outdoor cultivation conditions (Garcia-Moscosa et al., 
2013).

5.  Biofuels Produced from Algae

5.1  Biohydrogen
Microalgae have been used as feedstock for producing biodiesel, bioethanol 

and biogas. Various microbial species have been used as feedstock for biohydrogen 
production, among which Chlorella sp., Scenedesmus sp. and Saccharina sp. have 
been extensively studied (Bilad et al., 2021). To enhance the hydrogen production 
efciency, diferent pretreatment methods were explored (Wieczorek et al., 2014).

5.1.1  Hydrogen Production from Physically and Chemically 
Pretreated Microalgae
Physical and chemical pretreatments such as mechanical, heat, ultrasonic, 

acid, base, and ozonation are commonly used to disrupt microalgal cell walls and 
enhance subsequent biological conversion processes (Bra´nyikova et al., 2011). 
For example, Ortigueira et al. investigated hydrogen production from dry ground 
Scenedesmus obliquus biomass. The effectiveness of microalgae as a fermentable 
feedstock depends on the recovery of intracellular sugars and those in the cell 
walls. Thermal pretreatment often involves additional processes, like pressure 
build-up with autoclaving or electromagnetic radiation with microwaving (Cheng 
et al., 2014). Chemical pretreatments have also been shown to improve hydrogen 
production. Physically and chemically treated microalgae yield higher hydrogen 
compared to untreated algae, with the highest yields (94.3–338 mL H

2
/g VS) seen 

in heat-treated algae, particularly Chlorella sorokiniana (Ortigueira et al., 2015).
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5.1.2  Hydrogen Production From Biologically Pretreated Microalgae 
Biological approaches use microbes and enzymes to disrupt biomass and 

release intracellular materials, boosting biohydrogen production (Chong et al., 
2023). Enzyme selection depends on the cell wall composition, and factors like 
pH, temperature, and the enzyme/microalgae ratio are critical for optimizing 
enzymatic treatment. Inappropriate pH can denature enzymes, while high 
temperatures may increase enzyme-microalgae interactions until denaturation 
occurs. A high microalgae-to-enzyme ratio can increase viscosity, hindering 
enzyme activity. Microalgae cell walls contain cellulose, mucopolysaccharides, 
and peptidoglycans, making macerozyme, cellulases, and lysozymes useful for 
disruption (Chong et al., 2021). Enzyme-treated microalgae produced higher 
hydrogen yields (11–135 mL H

2
/g VS) compared to microbial consortium-treated 

algae, and combining different enzymes significantly improved hydrogen yield.
Combined pretreatment methods, typically involving a physical and a chemical 
treatment, are used to efficiently disintegrate microalgal biomass and enhance 
hydrogen production (Coelho et al., 2014). The most common combination is heat 
and acid pretreatment, but other combinations, such as heat with base, enzymatic 
treatment, oxidizing agents, or ozone with ultrasonication, have also been applied. 
Some methods even use three or more treatments, like acid-heat-enzyme or acid-
microwave-enzyme pretreatment. These combinations improve hydrogen yield, 
which ranges from 33.56 to 958 mL H

2
/g VS. Acid-heat pretreatment shows the 

highest potential, with Chlorella species yielding the most hydrogen (Roy et al., 
2014).

5.2  Starch Derived Alcohols
Ethanol production from algae relies on fermenting algal polysaccharides such 

as starch, sugar, and cellulose. Microalgae can contain up to 70% carbohydrate 
content, mainly starch, under specific conditions. Their cell walls consist of 
an inner layer with cellulose and hemicellulose, and an outer layer containing 
polysaccharides like pectin, agar, and alginate, though composition varies by 
species (Dubini et al., 2009). Both microalgal starch and cell wall polysaccharides 
are fermentable for bioethanol production. Macroalgae also contain significant 
carbohydrates (25-60%), with species like Ascophyllum, Porphyra, and Palmaria 
having the highest polysaccharide content. Their cell walls mainly consist of 
cellulose and hemicellulose, comprising 2-10% of dry weight. Lignin is found 
only in Ulva species, constituting 3% of dry weight (Wang et al., 2010). Unlike 
microalgae, macroalgae contain abundant polymers like alginate, mannitol, 
glucan, and laminarin. Alginates, extracted from brown algae, are used in 
pharmaceuticals, paper, adhesives, oil, photography, and textiles. Carrageenan and 
agar, derived from red algae, are used as stabilizers and gelling agents, primarily in 
the food industry (Fawzy et al., 2021). Mannitol, found in brown algae, varies with 
season and environment, and is used in pharmaceuticals, paint, leather, and food 
industries. Laminarin boosts immunity and offers protection against infections and 
radiation. Ulvan, found in Ulva, is a sugar source for fine chemical production 
(Kumar et al., 2016).
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5.3  Diesel Fuel Surrogates
Biodiesel feedstocks, such as vegetable oils, animal fats, and microalgal oil, 

are more viscous than petro-diesel and require conversion to meet regulatory 
standards. Conversion methods include direct use, blending with petro-diesel, 
micro-emulsions with solvents or alcohols, pyrolysis, and transesterification 
(Fuad-Hossain et al., 2020). Transesterification, the most common method, has 
been used since before World War II. However, it is energy-intensive, increases 
production costs, and involves challenges like catalyst removal, saponification, 
and glycerol separation, which complicate the process and reduce yield. Enzymatic 
esterification is an effective method for converting oils with high free fatty acid 
content to alkyl esters without solvents, offering benefits like lower energy 
consumption and easier product recovery (Garcia-Moscosa et al., 2013). Yet, due 
to issues with enzyme production rates and leftover reactions, hurdles remain 
in making the process efficient for large-scale biodiesel production. To achieve 
powerful alternative, offering sustainable, renewable, and ecofriendly biofuels 
high-tech thermal conversion processes have raised with economic potential. But 
the big-scale production is concise because there is less significant testing and 
technology transfer methods (Cheng et al., 2014).

5.4  Alkanes
Short- and medium-chain alkanes, which can be used as transportation fuel, 

may be produced by genetically modified lipid-producing microalgae. This 
conversion involves transforming fatty acids into aldehydes and then into alkanes, 
with the final step potentially catalyzed by a decarbonylase enzyme, though 
no functional decarbonylase has been cloned yet (Gui et al., 2021). The green 
microalga B. braunii, known for producing very-long-chain alkanes, has been 
studied for this process. Different strains of B. braunii produce varying long-chain 
hydrocarbons, with strain A producing dienes and trienes, and strain B producing 
triterpenoid hydrocarbons (Phummala et al., 2014). Decarbonylase activity has 
been found in the leaves of Pisum sativum and in A. thaliana, where enzymes 
like Cer1 and Cer22 are thought to be involved in wax formation. The alkanes 
produced by these decarbonylases are typically very long-chain (22+ carbons) 
and require further processing for fuel (Hall and Payne, 1997). Some long-chain 
alkane production has been reported in Vibrio furnissii, though later studies have 
questioned these results. Producing shorter-chain alkanes suitable for direct fuel 
use remains an ongoing goal, requiring further research to understand the enzymes 
involved (Kraan, 2012).

6. Genetic Engineering of Microalgae to Increase Lipid Production
Microalgae have low energy density due to their high water content and 

relatively low levels of proteins and lipids, resulting in higher production costs. 
Genetic engineering can reduce these costs by 15–20% (Chong et al., 2021). Most 
studies focus on modifying genes related to lipid metabolism, either by knocking 
out or introducing genes. For example, overexpression of the enzyme NeoDGAT2 
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in N. oleoabundans increases TAG content, while knocking out the phospholipase 
A2 gene in C. reinhardtii boosts lipid production by 64.25% (Huang et al., 2016). 
Cyanobacteria face stress in biofuel synthesis, so genetic engineering efforts 
focus on enhancing biofuel compound transfer, like overexpressing thioesterase 
in Synechocystis sp. to increase FA secretion (Hewelt-Belka et al., 2016). Genetic 
engineering is advancing microalgae biofuel production, but requires a deep 
understanding of metabolic pathways (Fawzy et al., 2021). Omics and genetic 
tools are keys for reducing production costs and improving efficiency.

6.1  Types of Genetic Engineering Resources in Microalgae

6.1.1  Algomics resources
Omics techniques, collectively known as ‘algomics’ (including genomics, 

transcriptomics, proteomics, metabolomics, and metagenomics), play a crucial 
role in microalgae research, helping design experiments and predict outcomes 
related to lipid production (Hui et al., 2016). The integration of these methods 
with bioinformatics aids in developing economically viable microalgal biofuels 
and discovering new species. Genome sequencing has advanced, with projects 
like 10KP aiming to sequence 1000 green algae genomes (Fuad-Hossain et al., 
2020). Genome editing, including gene knockout, is used to enhance biofuel 
production. Transcriptomics reveals gene expression related to lipid production, 
while proteomics focuses on protein regulation, identifying key proteins for lipid 
enhancement (Gui et al., 2021). Metabolomics analyzes low molecular compounds 
and helps optimize lipid biosynthesis. Combined multi-omics approaches provide 
a comprehensive understanding of microalgal metabolism, facilitating the control 
of production pathways and improving biofuel yields (Kraan, 2012).

6.1.2  Mutant Resources
Forward genetics, using random mutagenesis and adaptive laboratory evolution, 

can generate mutant phenotypes without prior knowledge of an organism’s genetics. 
Methods like γ-ray, UV exposure, and chemical mutagenesis have been used to 
create high lipid-accumulating mutants in species like N. gaditana, N. oculate, 
and Scenedesmus sp(Hewelt-Belka et al., 2020). However, random mutagenesis 
can be non-specific, unstable, and harmful, requiring careful selection methods. 
Adaptive laboratory evolution subjects microalgae to selective pressures over time 
to improve traits (Krishnan et al., 2015). Insertional mutagenesis integrates foreign 
DNA into the microalgal genome to direct metabolism toward lipid synthesis. 
While Chlamydomonas reinhardtii face challenges in transformation efficiency 
and identification of insertion site being useful for studying gene function and 
mutant libraries at the same time (Kumar et al., 2020).
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6.2  Genetic Modification Techniques in Microalgae for Biofuel 
Production

6.2.1  Procedures of Transformation
The technique of genetic engineering includes introducing foreign DNA into 

the genome, and ensuring stable expression thus transforming microalgal cells. 
It requires careful selection of methods depends on the species and the type of 
modification to increase transformation efficiency (Nagappan et al., 2020). There 
are multiple techniques such as electroporation, particle bombardment, sonication, 
viruses, and agrobacterium-mediated transformation. To increase lipid content 
in microalgae, techniques like electroporation and particle bombardment offer 
the highest efficiency, even without removing cell walls (Kumar et al., 2016). 
However, for lipid accumulation a higher rate of false positives and less effective 
results are shown by agrobacterium-mediated transformation (Popovich et al., 
2019). There are also some less widely used methods like sonication and silicon 
carbide whiskers.

6.2.2  Power of Genome Editing Tools
To improve product quality and quantity in microalgae novel genome-editing 

tools like transcription activator-like effector nucleases (TALENs), zinc-finger 
nucleases (ZFNs), RNA interference (RNAi) and CRISPR/Cas9 have been used 
(Roy-Chong et al., 2022). In P. tricornutum and T. pseudonana, lipid content 
is enhanced through silencing genes by suing RNAi (Lv et al., 2019). For lipid 
accumulation in C. reinhardtii, ZFNs have also been used. Bounded by hard design 
and off-target effects lipid production can be increased by TALENs. So for more 
efficient and accurate results, CRISPR/Cas9 uses guide RNA to create precise 
DNA breaks which is applied to increase lipid accumulation in microalgal strains 
such as C. reinhardtii, N. oceanica, N. gaditana, and P. tricornutum (Santana-
Sanchez et al., 2021). 

6.2.3  Expression of Foreign Gene in Microalgal Strains
To manufacture biofuels, such as biogas, ethanol, or biodiesel, there is a 

technique that employs inserting genes from other microbes into algal strains 
to improve their ability, called foreign gene expression. For the making of 
biofuels, enhancing the growth rate, lipid production, and other cellular processes 
occurs through this method (Mairet et al., 2011). Transgenic procedures like: 
Agrobacterium-mediated gene transfer method uses Agrobacterium tumefaciens 
to transfer foreign DNA into algal cells. The inserted genes can help to enhance 
lipid production or improve the algae’s ability to convert sunlight into expandable 
energy. Another method involves applying an electric field to algae cells, which 
temporarily modify the cell membrane, allowing foreign DNA to enter which is 
called electroporation (Maliha and Abu-Hijleh, 2022). This is useful for algal 
strains that are complex to transform using other methods. Another method called 
gene gun uses high-velocity gold or tungsten particles coated with DNA to shoot 
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the DNA into the algae cells. This is widely used for species like Chlamydomonas 
reinhardtii. Genetic manipulations can be made to enhance cellular pathways 
involved in biofuel production. For example, by increasing levels of triacylglycerols 
(TAGs) through inserting genes that enables algae to make biodiesel (Bra´nyikova 
et al., 2011). To maximize biofuel output there are some common genes inserted to 
include those encoding enzymes from other organisms that increase the production 
of sugars, oils, or even genes that redirect carbon metabolism. To enhance the 
metabolic processes that lead to biofuel accumulation there is a technique that 
allows for knocking out genes that is CRISPR-Cas9 which is a powerful tool for 
making precise edits to the algae genome and has been used to improve stress 
tolerance and lipid production in algae (Metting, 1996). In addition to inserting 
foreign genes, researchers use specific promoters and enhancer elements to drive 
the expression of these genes under optimal conditions (Yamada and Sakaguchi, 
1982). For example, during periods of high light intensity using light-regulated 
promoters is an innovative approach to increase biofuel production. So to produce 
biofuels more efficiently, algae can be engineered by integrating synthetic biology 
tools. It includes creating synthetic pathways that traditionally not occurs in algae, 
such as pathways for isoprenoid-based biofuels (like isopropanol or biodiesel). 
To help the algae to adapt in environmental stresses like: nutrient limitation and 
temperature fluctuations, synthetic biology permits for the making of innovative 
metabolic circuits while maximizing biofuel output (Nagappan et al., 2020). 
To convert biomass into biofuels more efficiently, algae is co-culturing with 
engineered bacteria or fungi which involves genetic modifications in bacteria to 
increase the breakdown of algae-derived materials. For biofuel production algae’s 
resistance to environmental stress can be improved through Genetic modifications 
for increasing overall productivity (Metting, 1996). For example, to improve salt 
tolerance or boost photosynthetic efficiency, certain genes can be incorporated in 
algae to produce more biomass or lipids for biofuel production.

6.2.4  Silencing of Gene Through Rna Interference
To increase biofuel production in microalgae there is a technique for silencing 

or down regulating specific genes called RNA interference (RNAi) which is a 
powerful tool, and it has been effectively applied to regulate genes involved in 
lipid synthesis, stress response, or metabolic pathways that affect algal growth and 
biofuel accumulation (Nakanishi et al., 2014). The RNAi mechanism works by 
incorporating small RNA molecules such as small interfering RNA or siRNA that 
target and destroy messenger RNA (mRNA), preventing the expression of specific 
genes (Hall and Payne, 1997).

6.2.4.1  Significant Uses of RNA Interference in Microalgae for 
Biofuel Production

6.2.4.1.1  Boosting up Lipid Accumulation for production of Biodiesel
It has been seen that for efficient biodiesel, microalgae can produce lipids like 

triglycerides by silencing genes included in lipid breakdown or promoting lipid 
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biosynthesis pathways which can increased in microalgae cells by using RNAi. 
(Noraini et al., 2014). To make algae more suitable for biodiesel production, 
silencing of genes like lipase which catabolize lipids and acetyl-CoA carboxylase 
which involved in fatty acid biosynthesis can be done (Mairet et al., 2011).

6.2.4.1.2  Regulation of Photosynthesis and Fixation of Carbon
RNAi can be used to target genes included in carbon fixation which is a 

critical process for energy production and growth in algae (Phummala et al., 2014). 
Researchers can potentially redirect carbon flow towards biofuel production by 
down regulating genes like RuBisCO (ribulose-1,5-bisphosphate carboxylase/
oxygenase), which plays a crucial role in the Calvin cycle (Bilad et al., 2012). 
Apart from that, under certain conditions algal productivity can be increased by 
silencing genes that limit photosynthesis or inhibit light capture (Ortigueira et al., 
2015).

6.2.4.1.3  Modulation in Stress Response
Under stressful conditions like nutrient limitation of nitrogen or phosphorus, 

high light intensity, or temperature variations algae often produce more amount of 
lipids or other metabolites (Plohn et al., 2021). RNAi can be used to silence stress-
responsive genes that could otherwise inhibit biofuel production. For boosting 
biomass production and increasing biofuel yields, silencing oxidative stress related 
genes could enhance the algae’s ability to tolerate high-light or high-temperature 
stresses (Connor and Liao, 2009).

6.2.4.1.4  Stimulating the Pathways for Synthesis of Biofuels
It has been observed that to favor lipid accumulation, pathways that lead to the 

production of starch or other carbohydrates can be down regulated through RNAi 
technology (Popovich et al., 2019). Additionally, the overall yield of biofuels can 
be enhanced by shifting metabolic fluxes towards biofuel-compatible molecules 
through silencing genes involved in fatty acid modification or degradation 
(Nakanishi et al., 2014).

6.2.4.1.5  Profile Improvement of Fatty Acid
For biodiesel production, the alteration in fatty acid profile of microalgae to 

produce more desirable fatty acids can be done by RNAi (Roy et al., 2014). The 
algal strains can be engineered to produce higher proportion of unsaturated fatty 
acids to improve the fuel’s quality which can be achieved by silencing or over 
expressing certain enzymes in the fatty acid biosynthesis pathway (Roy at al., 
2022). Apart from that shutdown genes that negatively affect growth and biomass 
accumulation like genes involved in regulation of cell cycle or stress responses can 
lead to high level of algal biomass production which directly increases potential 
feedstock for biofuel production. (Dubini et al., 2009).

Exploring the Biofuel Production Through Algal Genetic Engineering  |  53



6.2.4.1.6  Successful Examples in Algal Strains
	 •	 Chlamydomonas reinhardtii: C. reinhardtii is a broadly studied model 

organism in biofuel research, It has been modified using RNAi to enhance 
production of lipid. For instance, the decrease in gene expression involved 
in biosynthesis of starch like: ADP-glucose pyrophosphorylase can affect 
carbon flux towards accumulation of lipids (Krishnan et al., 2015).

	 •	 Nannochloropsis species: Due to the high lipid content in Nannochloropsis 
it is another microalga commonly used for biodiesel production. To increase 
lipid content certain genes involved in lipid degradation or starch synthesis 
has been silenced by using RNAi for biofuel production (Yanlin et al., 
2014).

	 •	 Phaeodactylum tricornutum: By regulating lipid metabolism and stress 
tolerance this algal species has also been genetically modified with RNAi to 
improve biofuel yields. Scientists have switched off genes like acetyl-CoA 
carboxylase, which controls biosynthesis of fatty acid (Bagchi and Mallick, 
2016).

6.3  The antisense RNA Technology
This technique involves incorporating a complementary RNA strand to the 

mRNA of gene of interest. To prevent translation and effective silencing of the 
genes, the antisense RNA binds to the mRNA (Santana-Sanchez et al., 2021). To 
favor lipid biosynthesis metabolic pathways are shifted by down regulating genes 
involved in starch production or carbon storage by using antisense RNA (Saini 
et al., 2021). For higher lipid accumulation the inhibition of genes involved in 
degradation of fatty acid can be done by this technique. There is a species of 
microalga called Nannochloropsis which has high lipid content, but antisense 
RNA strategies has been targeted by silencing genes involved in starch synthesis 
to increase lipid production (Shin et al., 2018).

6.4  Transcriptional Gene Silencing (TGS)
This technique involves long-term gene silencing by manipulating the structure 

of chromatin which is done through DNA methylation or histone modification and 
prevents transcription (Shiels et al., 2021). To get high-yield biofuel producing 
microalgal strains TGS can be used to silence genes permanently that inversely 
affect lipid accumulation or biomass production (Saravanan et al., 2022). Also 
under certain environmental stresses, like high light intensity or nutrient starvation 
TGS can also be applied to turnoff genes that bounds algal growth or synthesis of 
biofuel. This technique has been experimented as a candidate method for enhancing 
stress tolerance and improving production of biofuel by silencing regulatory genes 
(Artamonova et al., 2017).

6.5  Virus-mediated Gene Silencing
The bacterial virus (phage)-based systems such as some viral vectors 

have been chosen for gene silencing in algae. This can be done through RNAi 
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mechanisms where viral vectors deliver RNA or DNA fragments into algal cells 
to induce gene silencing (Shin et al., 2018). On the industrial scale viral-mediated 
gene silencing emerges as a useful tool for large-scale gene silencing, helping to 
improve biofuel production in algal cultures. There are certain genes responsible 
for lipid degradation which can be silenced through this technique to enhance 
algal biofuel synthesis (Srinivasan et al., 2018).

6.6  Post-transcriptional Gene Silencing (PTGS)
It is a process that occurs prior the translation into protein and after the mRNA 

is transcribed so it is called Post-transcriptional gene silencing (PTGS) (Srinivasan 
et al., 2018). It involves the degradation of target mRNA to inhibit translation 
by using small RNA molecules, similar to RNAi. To optimize the metabolism 
of algae for biofuel production PTGS can be used to silence genes involved in 
lipid degradation or carbon flux regulation. Faster growth rates and improved lipid 
accumulation in microalgae can also be achieved by silencing certain regulatory 
genes using PTGS (Huang et al., 2016).

6.7  Gene disruption

6.7.1  TALENs (Transcription Activator-Like Effector Nucleases)
This technique induces double-strand breaks at specific genomic locations 

by using engineered nucleases. TALENs work identical to CRISPR-Cas9, but 
they depend on a different procedure for identifying DNA sequences (Subramani 
and Venu, 2019). To redirecting resources towards lipid production, disruption of 
genes that lead to the production of non-oil metabolites and other non-essential 
pathways can be done by using TALENs. The improvement in algal growth and 
lipid production can be achieved by disrupting genes involved in starch synthesis 
and induce algae to focus more energy toward lipid accumulation (Ullah et al., 
2014). It has been observed under nitrogen-limited conditions that TALENs have 
been used to knock out pyruvate dehydrogenase kinase in algae, to increase their 
growth and lipid content, which is positive to production of biofuels (Wieczorek 
et al., 2014).

6.7.2  Zinc Finger Nucleases (ZFNs)
To incorporate double-strand breaks at specific target sites there is engineered 

DNA-binding proteins called Zinc finger nucleases that can be used to corrupt 
genes through homology-directed repair or non-homologous end joining (Uma 
et al., 2020). To increase suitability for biofuels like biodiesel, ZFNs can be used 
to interfere genes involved in synthesis or breakdown of carbohydrate, leading 
to a higher content of lipids produced (Wang et al., 2021). Under certain stress 
conditions genes that inhibit algal growth are disrupted which can also increase 
biomass accumulation, leading to better yield of biofuel. In Chlamydomonas 
reinhardtii genes involved in carbon flux have been knocked out by integrating 
ZFNs to promote lipid accumulation in response to harsh environmental conditions 
(Ortigueira et al., 2015).
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6.7.3  Insertional Mutagenesis
This technique relies on incorporating a selectable marker or a reporter gene 

at random sites into genome of algae leading to the inactivation of the targeted 
gene as insertion nullify the function of genes at the site of incorporation (Wang 
et al., 2010). The metabolic pathways specific to biofuel production are identified 
by tracing the genes involved in them. A library of mutants can be created using 
insertional mutagenesis to uplift, stress resistance, improved growth or lipid 
production under nutrient-deficient conditions (Wieczorek et al., 2014). To favor 
lipid accumulation genes responsible for carbohydrate or protein biosynthesis can 
be disrupted. Under nutrient-deficient conditions, random insertional mutagenesis 
has been used to identify genes that can be corrupted to enhance lipid content or 
promotion of biomass yield in Chlamydomonas and other algal species (Roy et 
al., 2014).

6.7.4  Shutting Down the Gene Using Homologous Recombination
Homologous recombination permits scientists to change or corrupt a gene 

by incorporating a fragment that targets the gene of interest for deletion or 
replacement. This method can be used to make knockouts where the gene is 
completely shutdown (Yamada and Sakaguchi, 1982). Shutting Non-essential 
Pathways: By silencing genes included in pathways like starch synthesis, more 
metabolic energy is focused towards biofuel-precursor production (Yanlin et al., 
2014). Under limited growth conditions homologous recombination successfully 
disabled genes for pyruvate dehydrogenase and acetyl-CoA carboxylase in 
species like Chlamydomonas reinhardtii, to increase lipid synthesis and biomass 
accumulation (Wang et al., 2010).

6.7.5  Transposon-Mediated Mutagenesis
Transposons are DNA sequences whose insertion can disrupt the function of 

target genes as they can move from one location in the genome to another (Zhao 
et al., 2022). This technique can be used to create random malfunctions across 
the genome, leading to the recognition of useful mutations for biofuel production 
(Kumar et al., 2016).

6.8  Benefits of Genetic Engineering
Genetic engineering provides a wide variety of uses for improving biomass 

productivity in algae, creating them more efficient and effective as a candidate of 
biofuels and other useful compounds (Aizouq et al., 2020). By directly modifying 
algal genetic material, researchers can improve their growth rates, stress tolerance, 
nutrient uptake and efficiency. (Cheng et al., 2014).

6.8.1  Enhancement in Growth Rates of Microalgal Biomass
Gene manipulations can magnify algal metabolism, permitting them to grow 

faster by improving pathways working in energy production, protein synthesis, 
and carbon fixation, also improving their rates of biomass accumulation (Arora 
and Philippidis, 2021). Genome engineering can regulate photosynthetic efficiency 
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by manipulating genes that regulate light-gathering complexes or enzymes of 
carbon fixation, allowing algae to grasp sunlight and transform it into biomass 
much efficiently (Bagchi and Mallick, 2016). Also by improving the efficiency 
of RuBisCO enzyme which is responsible for fixing CO

2
 can allow algae to use 

carbon more effectively, leading to higher biomass production (Phummala et al., 
2014).

6.8.2  Improvement in Various Stress Tolerances
Genetic engineering can improve the algal tolerance to fluctuating 

environmental conditions like temperature changes, nutrient deprivation, high 
light, or salinity, allowing them to maintain high biomass productivity under non-
optimal conditions (Behl et al., 2020). During harsh conditions like oxidative 
stress or nutrient limitations yield reductions can be prevented by introducing 
genes that help algae to manage excess light energy like encoding genes for photo 
protective proteins algae can continue to grow rapidly even under intense sunlight, 
which is crucial for large-scale outdoor cultivation (Kraan, 2012 and Bergthorsen 
et al., 2015).

6.8.3  Efficient Nutrient Utilization
Nitrogen and phosphorus are crucial nutrients for algal growth, but they 

have shortage in the environment. Genetic engineering can be used to improve 
the efficiency of nutrient uptake, making algae more productive even in nutrient 
deficient situations (Bharti et al., 2021). For example, manipulating the algal 
genome to increase the activity of transporters for nitrogen or phosphorus can 
increase growth rates (Bilad et al., 2012). Algae are often cultivated in regulated 
environments or photo bioreactors where the availability of nutrients is maintained. 
Gene manipulations that increase nutrient uptake can nullify the requirement for 
conventional fertilizers, decreasing costs and enhancing sustainability (Yamada 
and Sakaguchi, 1982).

6.8.4  Increasing the Lipid content and Biomass Yields
For biofuels like biodiesel, the lipid concentration of algae is important. 

Genetic engineering can be used to enhance lipid accumulation by modifying 
genes working in lipid biosynthesis (e.g., over expressing enzymes like acetyl-
CoA carboxylase) (Cheng et al., 2014). Greater lipid content transforms directly 
into higher energy yields per unit of biomass. For specific applications like 
biofuels, animal feed, or pharmaceuticals gene editing allows for fine-tuning the 
composition biomass by cahnging carbohydrate, protein, or lipid contents in the 
algal cells (Bra´nyikova et al., 2011 and Chong et al., 2021).

6.8.5  Increasing the Efficiency of Photosynthesis
Gene manipulations can increase the potential of algae to acheive light energy 

more efficiently. By regulating the expression of light-harvesting complexes 
(LHCs), algae can better grasp sunlight, improving the efficiency of photosynthesis 
and biomass production (Coelho et al., 2014). Genome engineering can enhance the 
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working of proteins included in photosystem I and II, key parts of photosynthesis, 
permitting algae to express more efficient light conversion under a wide range of 
environmental stresses (Conner and Liao, 2009).

6.8.6  Improvement in Fixation of Carbon Dioxide (CO2)
Genetic engineering can optimize the process of carbon dioxide (CO

2
) fixation 

for algae growth (Dubini et al., 2009). Such as, by improving the function of the 
carbonic anhydrase enzyme or increasing the functionality of the Calvin cycle, 
algae can grow faster and gather more biomass in CO

2
-rich conditions (Fawzy et al., 

2021). By genetically improving algae’s potential to tolerate high concentrations 
of CO

2
, they can be cultured in conditions where CO

2
 is more accessible, such 

as in carbon capture systems or industrial flue gas emissions. This could lead to 
provide a solution for CO

2
 mitigation and higher biomass productivity (Metting, 

1996).

6.8.7  Rapid Cultivation Cycles
Genome editing can alter the reproduction cycle of algae, making to higher 

cultivation cycles (Fuad-Hossain et al., 2020). This is significantly useful for algae 
used in biofuel production, where rapid turnover and high productivity are crucial to 
make biofuels economically feasible. Genome manipulations can balance growth 
phases, allowing algae to be collected at peak productivity, thereby increasing 
biomass yields over lesser time durations (Hall and Payne, 1997).

6.8.8  Greater stability of Genetic Makeup
Genetically engineered algae can be designed to have stable, heritable traits 

that increase biomass productivity. This stability allows for the development of 
high-yield algal strains that can be cultivated consistently over time without losing 
desirable traits, providing a reliable source of biomass (Gui et al., 2021).Some 
genetic engineering strategies, such as using marker genes or selectivepressure 
techniques, can reduce genetic drift in algae populations, maintaining high biomass 
productivity over successive generations (Mairet et al., 2011).

6.8.9  Boosting the Performance of Bioreactors
Genetic engineering can also optimize algae for growth in bioreactors, 

such as photobioreactors or fermenters (Hall and Payne, 1997). Traits like 
increased resistance to contamination, improved nutrient utilization, and better 
light utilization can result in more efficient bioreactor operation, leading to 
higher productivity (Hewelt-Belka et al., 2016).By modifying algae to grow 
more efficiently in different media (e.g., wastewater, CO

2
-enriched air, or saline 

water), genetic engineering can open up new possibilities for large-scale biomass 
production that uses waste resources or non-potable water (Bilad et al., 2012).

6.8.10  Contamination Hazards Reduction
Genetic engineering can introduce mechanisms that make algae more resistant 

to common contaminants, such as bacteria, fungi, or other microorganisms (Huang 
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et al., 2016). This can ensure that algae cultures remain healthy and productive, 
reducing the need for external inputs like antibiotics and chemical treatments 
(Kraan et al., 2012).Genetically engineered algae that are more resistant to 
contamination are better suited to cultivation in closed systems, making industrial-
scale algae biofuel production more reliable and cost-effective (Connor and Liao, 
2009).

6.9  Shortcomings and Hazards in Genetic Engineering of Microalgae
Genetic engineering in microalgae has significant potential for boosting lipid 

production, but concerns arise over the environmental and ethical impacts of GM 
microalgae releases (Krishnan et al., 2015). These organisms could escape into 
the environment via wind, water, or accidents, causing unintended ecological 
consequences such as disruption of food webs, displacement of native species, 
or harmful algal blooms (Saravanan et al., 2022). To mitigate risks, regulations 
and insecurity measures are essential, and developing “suicide genes” to control 
hazardous strains is recommended. Additionally, challenges exist in scaling 
transgenic microalgae for large-scale cultivation, as laboratory conditions may 
not replicate well in open environments, impacting growth rates, gene quality, and 
productivity. No outdoor cultivation of GM microalgae has been reported due to 
these risks (Shiels et al., 2021).

7.  Insight to the Future
Significant progress has been made in selecting and optimizing lipid-producing 

microalgal strains, but further improvements are needed for microalgal biofuels to 
compete with fossil fuels. Advances in dehydration, harvesting techniques, genome 
sequencing, gene editing, and synthetic biology will support the development of 
microalgae as a renewable energy source (Subramani and Venu 2019). Progress 
in lipid extraction, purification techniques, and AI applications in extraction 
processes are also essential. Additionally, exploring the simultaneous production 
of biofuels and high-value byproducts holds promise (Uma et al., 2020 and Zhao 
et al., 2022). The future of microalgal biofuels relies on cost-effective methods and 
efficient technologies to accelerate commercialization. This discussion primarily 
focuses on enhancing lipid accumulation in eukaryotic microalgae, leaving out 
details on harvesting, extraction, and purification processes (Kumar et al., 2020).

8.  Summary
To address the crisis, microalgal biofuels offer a promising solution to fossil 

fuels, but challenges remain a barrier to achieving cost-efficient large-scale 
production. Selecting resilient and adaptable microalgae strains is the first step. 
To influence yield and performance, gene editing and multi-omics technologies 
provide more precise production methods, controlling cultivation conditions and 
adjusting photobioreactor (PBR) parameters. However, careful consideration 
of environmental and human health risks associated with large-scale outdoor 
cultivation of genetically modified microalgae is required. Other developed 
countries like china faces observable challenges in boosting up biofuel production 
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from microalgae, but a promising future is underway with the synergy between 
advancing technologies and market demands. In few years, the risks associated 
with genetically modified will be overcome by exploring synthetic biology which 
could play a key role in mitigating and improving the economic feasibility of 
biofuel production.
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