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Abstract

In recent years, the application of microorganisms in biotechnology and
environmental research has expanded significantly, particularly in the de-
velopment of sustainable and eco-friendly energy solutions. Biofuels, such
as biobutanol, biogas, hydrogen, and biodiesel, have gained increasing at-
tention as alternative renewable energy sources. Among the most promis-
ing microbial platforms, microalgae and halophilic archaea stand out due to
their unique metabolic capabilities and adaptability to extreme environmen-
tal conditions. These organisms are associated with the production of vari-
ous biofuel-related products, including biohydrogen, biomethanol, cellulosic
biofuels, and algal-derived fuels, through distinct metabolic pathways and
enzymatic systems. In particular, advances in metabolic engineering and
genetic modification have enabled the enhancement of lipid, carbohydrate,
and enzyme production in both systems, improving their applicability for in-
dustrial biofuel production. This review examines the roles of microalgae
and halophilic archaea in biofuel production, with a focus on their metabolic
potential, key genes, and biotechnological engineering strategies. By com-
paratively presenting these two microbial platforms within a unified frame-
work, this study provides a broader understanding of their complementary
contributions to sustainable bioenergy development.

Keywords: Biodiesel; Biofuel production; Extremophiles; Genetic engi-
neering; Metabolic engineering; Renewable energy
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Introduction

The world meets most of its energy needs from fossil fuels, such as oil, coal, and natural gas. However, in-
creasing concerns about global warming and the environmental impact of fossil fuel use are growing across
societies (Olatunji et al., 2021; Pillay et al., 2026; Sing et al., 2024). In this regard, biofuels have emerged
as promising renewable energy carriers derived from biological resources. Biofuels are broadly defined as
energy carriers obtained from biomass, which consists of organic matter or total cellular dry weight, typically
synthesized from atmospheric CO, and solar energy (Jang et al., 2012; Kumari et al., 2022).

Microorganisms play a central role in the biofuel industry, contributing directly or indirectly to the
production of various types of biofuels. Heterotrophic microorganisms have been commonly emplo-
yed in the commercial production of biogas and fuel alcohols from organic substrates. In contrast,
photosynthetic microorganisms have the unique capability to convert inorganic carbon and water into
direct fuels, such as bioalcohols and biohydrogen, or into key fuel precursors, such as starch and
lipids (Al Abdallah et al., 2016; Jang et al., 2012; Kumari et al., 2022).

In the quest to overcome metabolic limitations and improve overall process efficiency, certain mic-
robial groups have been identified as superior candidates due to their inherent physiological advan-
tages. For example, microalgae have emerged as a leading feedstock, notable for their ability to
directly sequester CO,, thereby reducing carbon loss, while simultaneously achieving lipid accumu-
lation and biomass growth rates that far exceed those of terrestrial crops (Al Abdallah et al., 2016;
Aparici-Carratala et al., 2023; Kasirajan & Maupin-Furlow, 2021; Mahmood et al., 2023).

Furthermore, among the various microbial sources being investigated for sustainable biofuel produc-
tion, Archaea are also attracting increasing attention due to their adaptation to saline and extreme
environments, low freshwater requirements, stress tolerance, and metabolic versatility. In particular,
haloarchaea are considered highly promising candidates for a wide range of industrial applications.
They produce stable enzymes, such as cellulases, amylases, and lipases, which maintain strong
catalytic performance under harsh conditions where conventional biocatalysts would fail, thereby
enabling efficient substrate conversion (Aparici-Carratala et al., 2023; Kasirajan & Maupin-Furlow,
2021; Mahmood et al., 2023).

Although algae and halophilic archaea (haloarchaea) differ in terms of metabolic organization and
ecological adaptation, a comparison of these systems provides a broader understanding of how
different microbial platforms can contribute to sustainable biofuel production under saline and harsh
environmental conditions (Table 1). In particular, this approach addresses the critical question of
whether haloarchaea, with their superior adaptive capacities to extreme environments, can serve as
a viable alternative or even replace conventional microalgae platforms. The aim of this article is to
comparatively evaluate genetic and metabolic engineering strategies used in biofuel production in
haloarchaea and algae, with a particular focus on target genes, engineered pathways, transforma-
tion methods, and genome editing tools. This comparison also seeks to highlight current advances
and existing research gaps, thereby identifying the relative strengths, limitations, and future potential
of extremophile-based microbial platforms for sustainable biofuel development.

Biofuels: Definition and classification

Biofuels are renewable fuels generated from biological feedstocks, including plant biomass, microal-
gae, microorganisms, and organic waste streams. They are considered sustainable alternatives to
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fossil fuels. Biofuels are commonly classified into four generations: first, second, third and fourth-gen-
eration biofuels (Figure 1). First-generation biofuels are produced from food crops rich in sugars,
starches, and vegetable oils. Second-generation biofuels are derived from lignocellulosic and non-
food biomass, such as straw, bagasse, and forest residues. Third-generation biofuels are primarily
based on algal biomass, while fourth-generation biofuels include advanced systems, among which
are photobiological solar fuels and electrofuels (Aro, 2016).

Cellulosic Biofuel ™ Biodiesel
wte

@ «— \ BIOFUELS i

M A Bioethanol

Synthetic Blofuels . Algal Fuel

Bio Hydrogen

Bio Methanol

Figure 1. Overview of major biofuel types (generated Gemini Al [Ver-
sion 1.5], Google; accessed January 10, 2026).

Biofuel production involves biochemical and chemical processes. Bioethanol and biobutanol are
typically produced through enzymatic hydrolysis, fermentation, pretreatment, and distillation steps
(Amoozegar et al., 2019; Indira et al., 2018). Biodiesel production relies on lipid extraction followed
by transesterification. Advances in metabolic engineering have enabled direct biosynthesis of fuel
precursors in photosynthetic microorganisms (Abdulla & Alismaeel, 2025). In this context, photosyn-
thetic microorganisms, such as microalgae, together with extremophilic systems including haloar-
chaea, have emerged as promising yet fundamentally distinct biological platforms for biofuel pro-
duction under diverse environmental conditions (Table 1). These microbial platforms offer several
operational advantages over conventional crop-based systems, including reduced dependence on
arable land, rapid growth rates, and lower sensitivity to seasonal and climatic variations (Jadhav &
Jadhav, 2025; Singh et al., 2020).

As summarized in Table 1, both microbial groups offer distinct advantages for sustainable bioenergy.
Haloarchaea excel in contamination control and cost-effective harvesting due to their high osmot-
ic tolerance, whereas microalgae remain the preferred industrial platform for large-scale produc-
tion. This preference is mainly attributed to their superior growth rates and more advanced genetic
engineering toolkits. Nevertheless, the unique metabolic flexibility and extremozymatic potential of
haloarchaea provide significant opportunities for second-generation biofuel processes, particularly in
the valorization of industrial waste streams (Atarés et al., 2024; Chen & Jiang, 2018).

Although haloarchaea meet key requirements of next-generation industrial biotechnology (NGIB),
such as high osmotic stress tolerance and a reduced risk of contamination, their inherently slow
growth rates and the technical challenges associated with genetic manipulation often place them be-
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hind microalgae. In contrast, microalgae represent more rapidly developing and engineering-friendly

platform organisms (Chen & Jiang, 2018).

Table 1. Comparative overview of microalgae and haloarchaea for sustainable biofuel production.

carotenoids such as
bacterioruberin.

anol.

Feature Halophilic archea Algae References
Biomass Rich in PHB High lipid (TAG) and carbo- (Scott et al., 2010;
Composition (bioplastic precursor) and hydrate (starch/cellulose) Orellana et al.,

specific content for biodiesel/bioeth- 2018)

Suitability for NGIB

Limited by slow growth and
lack of robust genetic tools for
platform strain

development.

Preferred due to rapid
growth and availability of
diverse engineering toolkits.

(Chen & Jiang,
2018)

Contamination

High osmotic pressure (>30

Susceptible to invasive spe-

(Smith & Crews,

Biofuel Target

biofuels via

extremophilic enzyme (cellu-
lases, xylanases) for lignocel-
lulosic biomass hydrolysis.

fourth-generation biofuels,
primarily lipid-based systems
and photosynthetic bioetha-
nol/hydrogen production

Control g/l NaCl) cies in open systems. 2014; Atarés et al.,
provides natural sterilization. 2024; Abdulla &
Alismaeel, 2025)
Metabolic High capacity to utilize Primarily photoautotrophic; (Smith & Gilmour,
Flexibility diverse carbon sources in- dependent on light intensity 2018; Longo et al.,
cluding organic waste (e.g., and CO, supplementation. 2024)
glycerol, whey).
Primary Focus on second-generation Focus on third and (Aro, 2016;

Amoozegar et al.,
2019)

Microbial platforms for biofuel production

The use of microorganisms in biofuel production offers several advantages. A major benefit of inte-
grating microorganisms into next-generation biofuel systems is their remarkable metabolic versatility
among bacteria, fungi, and microalgae. This metabolic flexibility enables three key processes: (i)
degradation of lignocellulosic biomass derived from agricultural residues and energy crops by bac-
teria and fungi, (ii) biological CO, fixation by photoautotrophs, and (iii) valorization of methane cap-
tured from landfills or natural gas reserves (Liao et al., 2016). Despite these advantages, a critical
challenge remains the optimization of carbon conservation. Improving the efficiency of converting
carbon from biomass substrates into fuel products is essential. The biosynthesis of highly reduced
long-chain molecules, such as fatty acids and terpenes, is metabolically demanding and often results
in significant carbon loss in the form of CO,. Carbon conservation in such systems may be enhanced
by bypassing the traditional glycolytic pathway to prevent pyruvate dehydrogenase-mediated decar-
boxylation (CO, loss) and by supplying external reducing equivalents to support ATP and NADPH
generation (Keasling et al., 2021).

Numerous studies have demonstrated that a wide range of microorganisms are currently exploited
for biofuel production. One of these is Clostridium acetobutylicum. This Gram-positive, anaerobic
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model organism is widely used for butanol production (Liitke-Eversloh & Bahl, 2011). In addition, both
butanol and ethanol production have been achieved using Escherichia coli in various studies (Shen
et al., 2011; Wen & Shen, 2016; Yomano et al., 2008). Lipid-based biofuels can be produced from
Cryptococcus vishniaccii, while isoprenoid-based biofuels are synthesized using Saccharomyces
cerevisiae (Shen et al., 2011; Deeba et al., 2016; Liao et al., 2016; Navale et al., 2021). Furthermore,
plant-derived lignocellulose can be directly processed by cellulolytic microorganisms, such as
Clostridium thermocellum (Liao et al., 2016). In addition to these well-established microbial systems,
microalgae and extremophilic archaea represent emerging platforms that integrate unique metabolic
and physiological traits, offering complementary strategies for sustainable biofuel production under
environmentally constrained conditions.

Microalgae as a biofuel platform

Algae comprise a highly diverse group of aquatic phototrophs, ranging from unicellular microalgae
(e.g., cyanobacteria and diatoms) to multicellular macroalgae (Gopalakrishnan et al., 2025). As pri-
mary producers, they play a vital role in carbon fixation by converting atmospheric CO, into organic
biomass (Sahoo & Seckbach, 2015). Due to their high photosynthetic efficiency, rapid growth rates,
and ability to accumulate substantial lipid reserves, often exceeding 50% of their dry biomass, algae
are regarded as promising and sustainable feedstocks for biofuel production, including biodiesel,
bioethanol, and biocrude (Menetrez, 2012). Their lower land requirements compared to conventional
energy crops further enhance their industrial appeal (Sontakke et al., 2022).

Saline environments provide favorable conditions for the cultivation of microalgae and diatoms, par-
ticularly by reducing freshwater dependency and minimizing biological contamination. Halophytic
plants, marine macroalgae, and halophilic microalgae are commonly considered primary feedstocks
in such systems. These organisms employ specialized biochemical strategies to tolerate osmotic
stress, elevated temperature, and pH fluctuations. A representative example is the halophilic mic-
roalga Dunaliella salina, which accumulates substantial amounts of lipids (mainly triacylglycerols)
and carbohydrates as an osmoprotective response under hypersaline conditions. These intracellular
compounds serve as efficient high-yield precursors for biodiesel and bioethanol production, while
avoiding competition for freshwater resourcess (Borowitzka, 2013; Srimongkol et al., 2022).

Beyond microalgae, hypersaline diatoms, such as Amphora sp. MUR 258, have demonstrated strong
potential for outdoor mass cultivation due to their high thermal (25-35°C) and osmotic (7—12% NaCl)
tolerance. Notably, this strain achieves peak lipid productivity (30—-63% AFDW) during the exponen-
tial growth phase, offering a kinetic advantage for industrial bioreactors. Furthermore, its fatty acid
profile is dominated by C16 and C18 saturated and monounsaturated fatty acids with minimal pol-
yunsaturated fatty acids, resulting in superior oxidative stability. This composition makes Amphora
sp. MUR 258 an ideal feedstock for high-quality biodiesel production (Amoozegar et al., 2019).

Model microalgae, such as Chlamydomonas reinhardtii, Chlorella minutissima, Chlorella sorokini-
ana, and Chlorella variabilis, have been genetically modified to improve biofuel productivity. Targeted
modifications include genes involved in lipid biosynthesis and carbon metabolism, such as DGTT2,
DGTT3, DGTT4, DGAT2, DYRK, PLA2, CHT7, nNoRca-like, DnaJ, and CAO, as well as enzymes
including glutamate dehydrogenase, thioesterase, acetyltransferase, and glutathione transferase
(Rasala et al., 2012; Ahmad Kamal et al., 2024; Ghosh & Sarkar, 2024; Wang et al., 2024). These
characteristics position microalgae as highly efficient for biofuel production, particularly within broad-
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er comparative frameworks that also consider extremophilic microorganisms such as haloarchaea
for sustainable energy applications under diverse environmental conditions.

Haloarchaea as an extremophilic biofuel-related platform

In contrast to microalgae, which primarily function as photosynthetic biomass producers with
high lipid accumulation capacity, haloarchaea provide an alternative extremophilic platform char-
acterized by exceptional stress tolerance, enzyme stability, and metabolic adaptability under
hypersaline conditions, making them suitable for complementary biofuel production strategies.
Archaea are unicellular prokaryotic microorganisms that share structural similarities with bacte-
ria, such as the absence of a nuclear membrane and the presence of circular genomes organized
in operons. However, they also exhibit notable genetic and biochemical similarities to eukary-
otes, including the presence of histones, complex RNA polymerases, and methionine-initiated
translation. Many archaea are extremophiles capable of thriving under high salinity, temperature,
or extreme pH conditions. In particular, haloarchaea possess unique enzymatic adaptations that
make them promising platforms for biofuel production, especially in harsh industrial environ-
ments where conventional microorganisms may not survive (Baker et al., 2020; Aparici-Carratala
et al., 2023).

Haloarchaea contributes to saline biofuel systems through exceptional enzymatic stability and met-
abolic resilience under hypersaline conditions. Their ability to function in environments with high
ionic strength and low water activity makes them attractive candidates for integrated bioprocesses,
particularly in biomass degradation, extremozymatic production, and contamination-resistant indus-
trial operations (Sharma et al., 2025). These characteristics enable the development of robust saline
biorefineries capable of operating under conditions unsuitable for conventional microbial systems.
Although haloarchaea are less commonly used for direct biomass-to-fuel conversion, their extrem-
ozymes provide valuable tools for lignocellulosic biomass processing and industrial biocatalysis
(Amoozegar et al., 2019; Kasirajan & Maupin-Furlow, 2021).

Their cytoplasmic salt-in strategy results in highly specialized enzymes that maintain structural sta-
bility and catalytic activity under extreme ionic strength and low water activity. These properties
confer tolerance to organic solvents and harsh industrial environments, making haloarchaea attrac-
tive platforms for biotechnological applications, including biofuel production (Aini & Balgis, 2025).
Extreme haloarchaea, primarily within the Euryarchaeota phylum, inhabit hypersaline ecosystems,
such as salt lakes and solar salterns, and display considerable metabolic diversity (Falb et al., 2008;
Oren, 2014). While some species (e.g., Haloferax mediterranei) can metabolize a broad range of
carbohydrates, others (e.g., Halobacterium salinarum) exhibit limited sugar utilization capacity, high-
lighting the importance of species-specific metabolic engineering strategies for biofuel applications
(Kasirajan & Maupin-Furlow, 2021).

Biofuel production processes involve multiple catalytic steps mediated by diverse enzymes. In
this context, enzymes derived from halophilic microorganisms are particularly attractive due to
their remarkable stability and catalytic efficiency under extreme conditions, including high salinity,
temperature, pH, and low water activity. These properties make them highly suitable for industrial
bioprocesses. Moreover, halophilic microorganisms can serve as non-food biomass sources for
bioethanol production, offering an advantage over crop-based feedstocks (Aikawa et al., 2013;
Amoozegar et al., 2019). For instance, although reports on haloarchaea capable of degrading
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cellulose, hemicellulose, and lignin are relatively scarce, several salt-tolerant cellulases, xylanas-
es, and oxidoreductases have been identified. These enzymes can facilitate efficient lignocellu-
losic biomass hydrolysis, while reducing the need for harsh chemical pretreatment (Kasirajan &
Maupin-Furlow, 2021; La Cono et al., 2023; Gaonkar, 2024). Genomic analyses have revealed
that numerous haloarchaeal genera, including Halosimplex, Halomicrobium, Halococcoides,
Natronobiforma, Natrarchaeobius, and Natronolimnobius, encode cellulase-related genes, par-
ticularly within GH5, GH9, and GH12 families, underscoring their capacity for cellulose utilization
(Elcheninov et al., 2023). These enzymatic and genomic characteristics collectively highlight the
strong biocatalytic potential of haloarchaea for lignocellulosic biomass conversion under hyper-
saline conditions. As shown in Table 2, the enzymatic profiles of these two platforms are comple-
mentary. Haloarchaea provide robust, salt-tolerant biocatalysts (e.g., cellulases and ADHSs) that
are well suited for processing harsh lignocellulosic feedstocks without intensive pretreatment. In
contrast, microalgae are enzymatically optimized for the biosynthesis of energy-dense lipids and
carbohydrates through targeted enzymes such as DGAT2 and AGPase. This functional distinc-
tion highlights the potential for integrated bioprocessing strategies that combine extremophilic
enzymatic systems with photosynthetic biomass platforms to enhance overall biofuel production
efficiency.

Table 2. Comparison of core enzymatic systems and biocatalytic properties in haloarchaea and
microalgae.

Features Haloarchaea Algae References

Lignocellulosic
Degradation

High activity of thermoalka-
liphilic cellulases (GH5, GH9,
GH12) and xylanases for
substrate hydrolysis

Limited endogenous cel-
lulolytic capacity; primarily
focused on starch/lipid accu-
mulation

(Al Abdallah et al.,
2016; Elcheninov et
al., 2023)

Alcohol
Metabolism

Key enzymes include ADH
and ALDH (e.g., aldh2 gene)
exhibit ethanol-responsive
activity

Utilizes pyruvate decarboxy-
lase and ADH pathways for
photosynthetic bioethanol
production

(Cao et al., 2008;
Saha et al., 2024)

Lipid Synthesis
Enzymes

Limited lipid accumulation;
mainly associated with pol-
yhydroxyalkanoate (PHA)
synthesis for bioplastic pre-
cursor production

High activity of ACC, DGAT2,
and thioesterases for TAG
biosynthesis.

(Ahmad et al., 2015;
Orellana et al.,
2018)

Enzyme Stability

Maintain stability and catalyt-
ic efficiency under high salini-
ty, temperature, and pH

Typically sensitive to extreme
industrial conditions (high
salt/low water activity).

(Singh et al., 2020
Kasirajan & Maupin-
Furlow, 2021)

Carbohydrate
Metabolism

Amylases for starch break-
down and specialized path-
ways for unconventional
substrate utilization

Focuses on AGPase (glgC)
and starch branching en-
zymes for high carbohydrate
accumulation

(Amoozegar et al.,
2019; Saha et al.,
2024)
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Genetic engineering approaches in microalgae and haloar-
chaea for biofuel applications

Recent advances in genetic engineering have significantly expanded the biotechnological poten-
tial of haloarchaea. Model organisms such as Haloferax mediterranei and Haloferax volcanii have
been engineered using homologous recombination, pyrF-based knockout systems, and more re-
cently CRISPR-Cas-mediated genome editing approaches (Liu et al., 2011). For example, CRISPR-
mediated disruption of crtB and hlyR4 genes in H. mediterranei demonstrated substantially improved
editing efficiency compared to conventional recombination-based methods, highlighting the growing
applicability of haloarchaea as genetically tractable platforms for industrial biotechnology and biofu-
el-related processes (Gong et al., 2025). While genetic engineering studies directly targeting biofuel
production in haloarchaea are still limited, the successful application of gene disruption and CRISPR-
based approaches highlights their growing potential as genetically accessible platforms for future
biofuel and industrial biotechnology research.

Although microalgae and haloarchaea differ substantially in their genetic architecture and metabolic
organization, both systems are increasingly being explored as complementary platforms for biofu-
el-related biotechnology due to their amenability to genetic manipulation and adaptation to extreme
or controlled industrial environments.

Additionally, Natronomonas pharaonis, a haloalkaliphilic archaeon, encodes key enzymes involved in
alcohol metabolism, such as alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH).
The aldh2 gene from this organism has been successfully cloned and characterized, demonstrating
ethanol-responsive activity (Cao et al., 2008). Although these studies primarily focus on enzyme
characterization, the thermoalkaliphilic nature of such systems highlights their potential relevance for
robust and efficient biofuel production processes. However, given these limited studies, haloarchaea
may become increasingly important for future biofuel research.

In parallel with advances in archaeal biotechnology, significant progress has also been achieved in mi-
croalgal genetic engineering systems, which rely on a diverse set of molecular tools and transformation
techniques. Various methods are employed for these processes, including promoters and expression
vectors for gene editing, CRISPR/Cas9 and transcription activator-like effector nucleases (TALEN)
for genome editing, Agrobacterium-mediated transformation, glass bead agitation, and particle bom-
bardment for genetic transformation (Sharma et al., 2018; Ahmad Kamal et al., 2024). Microalgae are
rich in bioactive metabolites, such as lipids, carbohydrates, proteins and vitamins. Therefore, numer-
ous studies have focused on genetic modifications aimed at increasing lipid production in different
algal strains. For instance, lipid production in various algae, including C. reinharatii, P. tricornutum and
Synechocysis sp., has been increased by targeting genes, such as phosphoenolpyruvate carboxylase
(PEPC), Acetyl-CoA carboxylase (ACC), diacylglycerol acyltransferase 2 (DGAT2), Acyl-ACP synthe-
tase (AAS) and Arabidopsis thaliana 7-deoxy-D-xylulose 5-phosphate synthase (AtDXS) (Ahmad et al.,
2015; Ahmad Kamal et al., 2024; Eungrasamee et al., 2019; Han et al., 2020; Morikawa et al., 2018;
Rengel et al., 2018; Talebi et al., 2013). In a study conducted on C. reinhardtii, a CRISPR—Cas9 ribo-
nucleoprotein (RNP)-mediated knockout approach targeting the zeaxanthin epoxidase (ZEP) and acid
glycoprotein (AGP) genes resulted in an 81% increase in oil content (Song et al., 2022). Additionally,
ptTES1 gene in Phaeodactylum tricornutum was targeted using TALEN technique, resulting in an in-
crease in triacylglycerol (TAG) accumulation (Hao et al., 2018).
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The glgC gene from Escherichia coli, which enhances ADP-glucose pyrophosphorylase (AGPase) ac-
tivity and consequently increases starch biosynthesis, has been employed to improve carbohydrate ac-
cumulation in microalgae. In one study, glgC gene was cloned and introduced into Chlorella vulgaris via
Agrobacterium tumefaciens-mediated transformation using the Ti plasmid pCAMBIA1300. This genetic
modification resulted in a significant increase in total carbohydrate content. The resulting transgenic al-
gal line was subsequently utilized for bioethanol production through yeast fermentation, yielding higher
ethanol levels (82.82 mg/L) compared to the untransformed control (54.41 mg/L) (Saha et al., 2024).

Beyond genetic engineering approaches, organelle-based modifications have also been explored.
For example, chloroplast genome engineering in Parachlorella kessleri-I involved the modification
of regions including 16S rDNA, trnl, trnA, and 23S rDNA to achieve high-level gene expression. The
resulting transgenic strain demonstrated potential as a promising candidate for biofuel production
(Nawkarkar et al., 2020).

Conclusion

Current research on microalgae and halophilic archaea demonstrates substantial progress in im-
proving the production of biofuel precursors, particularly lipids and carbohydrates, through advanced
genetic and metabolic engineering strategies. In microalgae, targeted pathway optimization and or-
ganelle-level engineering have significantly enhanced biomass accumulation and lipid productivity,
establishing them as well-established industrial platforms for biofuel production. In contrast, haloar-
chaea are still in an earlier stage of development, with current research primarily focusing on the
characterization of extremozymes rather than fully engineered biofuel production systems. However,
their exceptional tolerance to high salinity, temperature, and pH, combined with strong enzymatic
stability, provides a unique advantage for processing harsh feedstocks and operating under condi-
tions that limit conventional microbial systems. Importantly, these two microbial platforms should not
be considered competitive alternatives but rather complementary systems. Microalgae excel in pho-
tosynthetic biomass generation and lipid accumulation, while haloarchaea offer robust catalytic ma-
chinery for biomass degradation and process stability under extreme industrial conditions. This func-
tional complementarity suggests that integrated bioprocessing strategies combining both systems
may represent a more efficient and resilient approach to sustainable biofuel production. Overall, the
comparative analysis highlights that future advancements in biofuel biotechnology will depend not
only on improving each system individually but also on developing hybrid and integrated biorefinery
concepts that exploit the strengths of both photosynthetic and extremophilic microorganisms. Such
approaches, supported by genome editing and multi-omics technologies, may significantly enhance
the scalability and economic feasibility of next-generation biofuel production platforms.
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