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Abstract

Microalgae are microscopic, unicellular or simple colony-forming photosynthetic organisms found mainly in freshwater and
marine environments. Unlike multicellular macroalgae, microalgae lack complex structures such as roots, stems, and leaves.
They perform photosynthesis using pigments like chlorophyll, producing oxygen and serving as primary producers in aquatic
ecosystems. Microalgae have emerged as a promising platform for sustainable production of biofuels, high-value biochemicals,
and nutraceuticals due to their rapid growth and ability to accumulate lipids. However, natural strains often exhibit limitations in
lipid yield, stress tolerance, and metabolic versatility that restrict their industrial application. Strain improvement of microalgae
through genetic engineering and synthetic biology involves precise modification of genetic and metabolic pathways to enhance
desirable traits such as lipid accumulation, stress tolerance, and production of high-value compounds. This review highlights
recent advances in genetic engineering and synthetic biology approaches aimed at enhancing microalgal strains for improved
lipid accumulation, stress tolerance, and biosynthesis of high-value compounds. Emphasis is placed on novel transformation
methods, genome editing tools such as CRISPR/Cas9, metabolic pathway optimization, and transcriptional regulation strategies.
We discuss challenges in strain development, including stability and scalability, as well as future perspectives integrating
multi-omics and systems biology to accelerate industrial applications of microalgae for sustainable biofuel and bioproducts
production.
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1. Introduction

Microalgae have emerged as revolutionary sustainable  applications [1]. These microscopic photosynthetic organisms,
biofactories that represent a paradigm shift in biotechnology =~ encompassing both prokaryotic cyanobacteria and eukaryotic
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microalgae, have gained recognition for their exceptional
ability to serve as living production systems for valuable
biomolecules [2, 3]. The concept of microalgae as biofactories
stems from their unique characteristics: they are single-cell
packages of bioactive molecules that can be cultured to pro-
duce high levels of biomass with remarkable efficiency [4].

The evolution of microalgae biotechnology has been funda-
mentally driven by their dual potential to mitigate atmospheric
carbon dioxide and produce a great diversity of high-value
compounds [5]. Unlike traditional agricultural crops, microalgae
offer several distinctive advantages that position them as
next-generation biofactories. They demonstrate higher photo-
synthetic efficiency than land plants, with carbon fixation rates
reported to be 10-50 times higher than terrestrial vegetation [6].
This exceptional photosynthetic capacity allows them to convert
CO, and nutrients into biomass with unprecedented efficiency
[2].

The transition from viewing microalgae as simple organisms
to recognizing them as sophisticated biofactories has been
gradual but transformative. Early applications focused primarily
on whole biomass utilization, but contemporary biotechnology
has revealed their potential for producing a vast array of prod-
ucts including foodstuffs, industrial chemicals, compounds with
therapeutic applications, and bioremediation solutions [4]. This
evolution represents a fundamental shift from exploiting natural
microalgal populations to engineering them as programmable
cell factories capable of producing designer molecules [7].

The development of microalgae strains with superior traits is
critical for realizing their commercial potential and advancing

their applications in biofuels, nutraceuticals, and bioproducts [8].

Traditional cultivation using wild-type strains often falls short in
meeting industrial demands due to biological and environmental
constraints. Consequently, strain improvement has become a
cornerstone paradigm in microalgae biotechnology, focusing on
tailoring biological characteristics to enhance productivity,
stress resilience, and target compound synthesis [9].

This review article aims to provide a comprehensive and
up-to-date synthesis of strain improvement strategies for micro-
algae through genetic engineering and synthetic biology, focus-
ing on enhancing key industrial traits including lipid accumula-
tion, stress tolerance, and production of high-value compounds.
By addressing these objectives, the review seeks to offer an
authoritative resource for researchers and industry stakeholders
advancing sustainable microalgal biotechnologies with practical
commercial impact. This aligns with ongoing interests in lever-
aging microalgae for sustainable applications.

2. Microalgae Biology and Metabolic
Foundations

2.1. Cellular Architecture and Metabolism

Microalgae are unicellular photosynthetic organisms
equipped with specialized organelles primarily chloroplasts

where photosynthesis takes place [10, 11]. Photosynthesis
consists of two major stages: the light reactions and the dark
(Calvin) reactions. The light reactions occur in thylakoid
membranes, where two photosystems (PSI and PSII) capture
and convert light energy into chemical energy (ATP and
NADPH), concurrently splitting water molecules to release
oxygen [10].

To adapt to varying light intensities, microalgae regulate
their photosynthetic apparatus through both short-term and
long-term mechanisms. Under prolonged exposure to bright
light, they reduce chlorophyll content and increase photo-
protective carotenoids and xanthophylls to prevent photo-
damage [10, 12]. High-density cultures in photobioreactors
often experience self-shading, which limits light availability
and affects photosynthetic efficiency; genetic modifications
targeting light-harvesting complexes can improve light utili-
zation in such contexts [13].

Microalgae enhance photosynthesis efficiency through a
CO, concentrating mechanism (CCM), which actively
transports inorganic carbon (CO, or HCOy) into the cells to
concentrate CO, near the enzyme RuBisCO and suppress
photorespiration, enhancing carbon fixation even under low
CO, conditions [10]. Structural adaptations such as carbox-
ysomes (in cyanobacteria) compartmentalize RuBisCO and
carbonic anhydrase enzymes for efficient inorganic carbon
conversion [10].

Beyond chloroplasts, emerging studies reveal functional
interactions between mitochondria and chloroplasts that co-
ordinate energy metabolism, optimize biomass production,
and influence synthesis of pigments, lipids, and other metab-
olites [14]. Light-induced changes increase mitochondrial
abundance and organelle contacts, underscoring the integrated
subcellular energy management in microalgae.

2.2. High-Value Compound Biosynthesis

Microalgae synthesize a diverse range of carotenoids,
which are pigments with essential roles in photosynthesis and
cellular protection, as well as high commercial value for
nutraceutical, pharmaceutical, and cosmetic industries [15].
The carotenoid biosynthesis pathway primarily proceeds via
the methylerythritol phosphate (MEP) pathway in plastids,
where the five-carbon isoprenoid precursors isopentenyl py-
rophosphate (IPP) and dimethylallyl diphosphate (DMAPP)
are synthesized [16, 17].

Microalgae are prolific producers of high-value polyun-
saturated fatty acids (PUFAS), especially omega-3 fatty acids
such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) [18]. These PUFAs are synthesized through the
elongation and desaturation of shorter fatty acid precursors
via enzymes like desaturases and elongases. PUFA biosyn-
thesis occurs primarily in plastids and the endoplasmic retic-
ulum, where fatty acid synthase generates saturated acyl
chains that are subsequently modified [19]. The highly un-
saturated nature of PUFAs renders them essential nutritional
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supplements for human and animal health, with microalgal
sources offering sustainable alternatives to fish oils. Genetic
engineering strategies targeting desaturase gene expression
and pathway flux have been employed to increase PUFA
content, complementing cultivation conditions optimized to
induce PUFA accumulation [20].

Microalgal biomass is rich in proteins and essential amino
acids, making it valuable as a nutritional supplement and
feedstock [21]. Microalgae can synthesize all essential amino
acids, with profiles comparable to conventional protein
sources. The protein biosynthesis in microalgae involves
transcriptional and translational machinery similar to higher
plants and microorganisms [22]. Genetic modifications have
aimed to enhance expression of specific proteins or bioactive
peptides with antimicrobial or antioxidative properties.
Moreover, microalgae's ability to produce bioactive amino
acid derivatives and peptides adds functional value to the
biomass beyond simple nutrition [23].

3. Genetic Engineering Tools and
Technologies

3.1. Overexpression Strategies

Overexpression strategies play a pivotal role in microalgae
genetic engineering by enabling the enhancement of desired
metabolic pathways and improving the accumulation of val-
uable compounds [24]. A key factor for successful overex-
pression is the choice of robust promoter systems that drive
high levels of transgene expression. Typically, endogenous
promoters derived from highly expressed genes such as rbcL
(encoding the large subunit of RuBisCO), psbA (photosystem
Il protein D1), and atpA (ATP synthase subunit) are employed
to ensure strong, constitutive, or inducible expression within
microalgal cells [25, 26]. The inclusion of effective 5’ un-
translated regions (UTRs) further enhances transcript stability
and translation efficiency, resulting in improved protein ac-
cumulation [27]. In recent studies, novel promoters like the
extrinsic protein of PSIlI (EPPSII) promoter from Nanno-
chloropsis gaditana have demonstrated significantly higher
expression capabilities compared to conventional promoters,
underscoring the importance of promoter selection and opti-
mization.

In addition to promoter choice, metabolic pathway en-
hancement through targeted gene overexpression focuses on
increasing the activity of rate-limiting enzymes within lipid
biosynthesis and other valuable metabolite pathways [28].
Overexpressing genes encoding key enzymes such as ace-
tyl-CoA carboxylase (ACC) and acyl carrier protein (ACP)
has been shown to increase the flux of metabolites directed
toward fatty acid synthesis, thereby boosting lipid accumula-
tion in microalgae [29]. This approach is often complemented
by simultaneous suppression of competing pathways to fur-
ther channel carbon flux toward desired products. Moreover,
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the overexpression of specific transcription factors can or-
chestrate broader metabolic changes by upregulating multiple
genes within biosynthetic networks, providing a more coor-
dinated and effective enhancement of metabolic output [30].

3.2. Gene Silencing Technologies

Gene silencing technologies in microalgae primarily lev-
erage RNA interference (RNAI) mechanisms, which enable
specific downregulation of target gene expression through
sequence-specific mRNA degradation or translational re-
pression [31]. Studies have demonstrated that many micro-
algal species, including Chlamydomonas reinhardtii, Dunal-
iella salina, Volvox carteri, and the diatom Phaeodactylum
tricornutum, possess functional RNAi machinery capable of
mediating gene silencing via introduction of double-stranded
RNA (dsRNA) or inverted repeat (IR) transgenes [32-34].
This approach has become a customary tool for the functional
characterization of genes and as a strategy for metabolic en-
gineering to modulate pathways of interest.

Beyond RNAI, microalgae exhibit additional gene silenc-
ing layers, including chromatin modifications such as histone
methylation and DNA methylation, which contribute to
transposon and transgene repression, although their roles in
regulating native gene expression are less understood [35].
RNA-mediated silencing in microalgae operates via both
mRNA degradation and translational inhibition, as exempli-
fied in P. tricornutum, where gene silencing reduced protein
levels without necessarily decreasing mMRNA abundance [36].
This dual functionality enhances the versatility of
RNA.i-based tools.

3.3. Transformation Methods

Transformation methods are fundamental techniques used
to introduce foreign DNA into microalgal cells, enabling
genetic modification for strain improvement [37]. Among the
most widely employed methods are electroporation and bi-
olistic transformation, each offering distinct advantages de-
pending on the species and desired application. Electro-
poration involves applying short electrical pulses to create
transient pores in the cell membrane, allowing exogenous
DNA to enter the cytoplasm [38, 39]. This method is favored
for its relative simplicity, efficiency, and ability to transform
both nuclear and organellar genomes in various microalgae
such as Chlamydomonas reinhardtii [40]. Biolistic transfor-
mation, also known as particle bombardment, uses
high-velocity microprojectiles (typically gold or tungsten
particles) coated with DNA to physically penetrate cell walls
and membranes, delivering DNA directly into the cells [41].
This approach is particularly effective for species with rigid or
thick cell walls that are less amenable to electroporation and
allows for transformation of chloroplast genomes with high
efficiency.

Another valuable method is Agrobacterium-mediated
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transformation, which utilizes the natural genetic transfer
capability of Agrobacterium tumefaciens to deliver T-DNA
harboring the gene of interest into algal cells [42]. Although
originally developed for plants, this technique has been
adapted for certain microalgal species, providing an alterna-
tive transformation system that can achieve stable nuclear
integration with lower copy number insertions and minimal
rearrangements compared to physical methods.

Optimization of microparticle bombardment (biolistic
transformation) remains a critical focus to maximize trans-
formation efficiency and minimize cellular damage [43].
Factors such as particle size, DNA coating concentration,
helium pressure during bombardment, target distance, and
vacuum pressure have been systematically refined to improve
DNA delivery and cell survival rates [44]. Additionally, using
selectable marker genes and optimizing regeneration proto-
cols enhance the recovery of stable transformants.

3.4. CRISPR/Cas9 Systems

The advancement of CRISPR/Cas9 genome editing tech-
nology has revolutionized genetic engineering in microalgae,
enabling precise and efficient manipulation of their genomes
[45]. Adapting CRISPR/Cas9 systems to various microalgal
species has involved optimizing delivery methods, expression
constructs, and repair pathways tailored to their unique cel-
lular and genomic contexts [45]. For example, in model spe-
cies such as Chlamydomonas reinhardtii and Phaeodactylum
tricornutum, CRISPR/Cas9 has been successfully employed
to generate targeted gene knockouts through the induction of
double-strand breaks  followed by  error-prone
non-homologous end joining (NHEJ), resulting in gene dis-
ruption. Furthermore, homology-directed repair (HDR)
pathways have been harnessed to introduce precise genetic
modifications or knockins, such as insertion of reporter genes
or correction of mutations, although HDR efficiency remains
relatively low in many microalgae and is an area of active
optimization [44].

In recent years, multiplexed genome editing approaches
have expanded the capabilities of CRISPR/Cas9 in microal-
gae, allowing simultaneous targeting of multiple genes or
genomic loci within a single transformation event [46]. This
multiplexing is achieved by expressing multiple guide RNAs
(gRNASs) alongside Cas9, enabling the coordinated modifica-
tion of complex metabolic pathways or gene families to ac-
celerate strain improvement [47]. Additionally, the develop-
ment of inducible or tissue-specific promoters and engineered
Cas9 variants with altered PAM specificities has further en-
hanced the versatility and specificity of genome editing in
microalgal systems.

Overall, the integration of CRISPR/Cas9 technologies into
microalgal biotechnology provides a powerful platform for
rapid functional genomics studies and rational design of
strains with improved traits such as enhanced lipid production,
stress tolerance, and biosynthesis of valuable compounds [45].
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Ongoing research focuses on improving editing efficiencies,
minimizing off-target effects, and developing novel
CRISPR-based tools tailored to the unique biology of diverse
microalgae species [48].

3.5. Base Editing and Prime Editing

Base editing and prime editing represent cutting-edge ad-
vancements in genome engineering that enable precise nu-
cleotide modifications in microalgae without introducing
double-strand DNA breaks, thereby minimizing cellular stress
and enhancing editing accuracy [49]. Base editors typically
consist of a catalytically impaired Cas protein fused to a
deaminase enzyme, allowing for the direct conversion of
specific base pairs for example, cytosine to thymine or ade-
nine to guanine at targeted genomic loci [50]. This enables
precise correction of point mutations or introduction of bene-
ficial single-nucleotide changes critical for fine-tuning gene
function. Prime editing, a more recent innovation, couples a
reverse transcriptase to a Cas9 nickase and a specialized
prime editing guide RNA (pegRNA), facilitating versatile
edits including insertions, deletions, and all twelve types of
base substitutions with high specificity [51].

One of the key advantages of these technologies over tra-
ditional CRISPR/Cas9 approaches is their reduced off-target
effects since they do not rely on the error-prone repair of DNA
double-strand breaks, which often lead to unintended muta-
tions or chromosomal rearrangements [52]. This precision is
particularly valuable in microalgal metabolic engineering,
where even single-nucleotide changes can dramatically im-
pact enzyme activity, regulatory elements, or protein stability
thereby affecting metabolite fluxes and product yields [53].

In microalgae, base and prime editing hold great promise
for metabolic pathway optimization, such as modifying key
enzymes in lipid biosynthesis to increase lipid content or
altering regulatory sequences to enhance stress response
pathways [49]. By enabling subtle and predictable genetic
changes with minimal collateral damage, these tools facilitate
the development of improved microalgal strains with en-
hanced production of biofuels, high-value nutraceuticals, and
other industrially relevant compounds [54]. As delivery
methods and editing efficiencies continue to improve, base
and prime editing are expected to become indispensable
components of the synthetic biology toolkit for precise and
safe microalgal genome engineering [55].

3.6. Transcriptional Regulation

Transcriptional regulation in microalgae has been signifi-
cantly advanced by CRISPR-based tools such as CRISPR
activation (CRISPRa) and CRISPR interference (CRISPRI)
systems, which enable targeted upregulation or downregula-
tion of gene expression without altering the DNA sequence
[45]. These systems use an enzymatically inactive Cas9
(dCas9) fused to transcriptional activators (like VP64) or


http://www.sciencepg.com/journal/sf

Science Frontiers

http://www.sciencepg.com/journal/sf

repressors (such as the KRAB domain) to modulate tran-
scription by guiding dCas9 to specific promoter or coding
regions via single guide RNAs (sgRNAs) [56]. For instance,
in Chlorella sorokiniana, CRISPRa enhanced protein content
by up to 60%, while CRISPRi increased protein levels to 65%
and lipid accumulation, demonstrating practical potential for
metabolic reprogramming in microalgae biorefineries [57].
Moreover, multiplexed targeting enabled by Casl12a systems
allows simultaneous regulation of multiple genes, expanding
the scope of transcriptional control for complex metabolic
pathways [58].

Beyond CRISPR-based modulation, epigenetic modifica-
tions such as DNA methylation and histone modifications
serve as additional layers of gene regulation by altering
chromatin accessibility and transcriptional activity without
changing the underlying DNA [59, 60]. Although less ex-
plored in microalgae, epigenetic marks can provide stable and
heritable means of transcriptional control, offering promising
avenues to complement CRISPRa/i systems for fine-tuning
gene expression [61].

Temporal and spatial control of gene expression further
enhances regulatory precision by restricting transcriptional
activity to specific developmental stages or cellular com-
partments [62]. This can be achieved by using inducible or
tissue-specific promoters, or coupling CRISPR systems with
chemically or light-inducible elements, allowing dynamic,
reversible, and localized gene regulation [63]. Such sophis-
ticated control is essential for optimizing metabolic flux in
microalgae, avoiding growth penalties, and improving prod-
uct yields under industrial cultivation conditions.

4. Synthetic Biology Approaches

4.1. Modular Design Principles

Modular design principles in microalgal synthetic biology
draw inspiration from proven engineering concepts to create
flexible, efficient, and reusable biological systems ([64].
Central to this approach is the use of standardized biological
parts well-characterized genetic elements such as promoters,
terminators, ribosome binding sites, and regulatory sequences
that can be assembled predictably and interchangeably [65].
These standardized parts provide a common language and
toolkit enabling the construction of complex genetic circuits
with reliable function, facilitating the Design-Build-Test
(DBT) cycle essential for rapid strain development.

In pathway engineering, modularity is applied by com-
partmentalizing biosynthetic pathways into discrete, ex-
changeable units or modules [66]. Each module contains sets
of auxiliary enzymes and regulatory elements optimized for
the production of a specific metabolite or phenotype. These
modules interface seamlessly with a core metabolic "chassis,"
allowing for plug-and-play assembly and combinatorial test-
ing of pathways [67]. This strategy supports rapid discovery
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and optimization of metabolic fluxes toward target molecules
like lipids, carotenoids, or other high-value compounds, and
enables tailoring biosynthetic routes to different host species
or environmental conditions [68].

Chassis engineering refers to the design and construction of
minimal or optimized host microalgal strains that provide a
robust and stable platform for module integration [69]. The
chassis contains essential core metabolic phenotypes and
cellular machinery necessary for growth and precursor supply,
serving as a consistent foundation upon which diverse pro-
duction modules can be grafted [33]. By decoupling core
metabolism from production functions, chassis engineering
enhances strain predictability, reduces metabolic burden, and
simplifies strain engineering workflows [70]. This modular
architecture mimics the principles of traditional engineering
systems, allowing for scalable, reproducible, and adaptable
development of microalgal biofactories.

4.2. Systems-Level Engineering

Systems-level engineering in microalgae involves a holistic
approach to understanding and manipulating cellular metab-
olism by integrating comprehensive biological data and
computational modeling [71]. A fundamental component of
this strategy is metabolic network reconstruction, which en-
tails assembling detailed genome-scale models that map all
known metabolic reactions and their associated genes within a
microalgal cell [71]. These models enable researchers to
simulate and predict metabolic fluxes, identify bottlenecks,
and uncover potential targets for genetic intervention. By
leveraging tools such as flux balance analysis (FBA), meta-
bolic network models facilitate rational design of engineered
strains with optimized pathways for enhanced lipid accumu-
lation, improved stress responses, or increased synthesis of
valuable metabolites [72].

Complementing metabolic modeling, multi-omics integra-
tion combines data sets from genomics, transcriptomics,
proteomics, and metabolomics to provide a comprehensive
and dynamic picture of cellular function [73]. By analyzing
these layers simultaneously, scientists can correlate gene
expression patterns with protein abundances and metabolite
concentrations, revealing regulatory mechanisms, metabolic
states, and environmental responses with high resolution [44,
74]. This systems-wide insight allows the identification of key
regulatory nodes and metabolic hubs that might be invisible
when studying single omics layers in isolation.

5. Lipid Accumulation Enhancement

5.1. Metabolic Engineering Strategies

Metabolic engineering strategies in microalgae focus on
enhancing lipid production by targeting key steps in fatty acid
synthesis, triacylglycerol (TAG) assembly, and minimizing


http://www.sciencepg.com/journal/sf

Science Frontiers

http://www.sciencepg.com/journal/sf

competing metabolic pathways [6]. One primary approach
involves fatty acid synthesis enhancement, where overex-
pression of pivotal enzymes such as acetyl-CoA carboxylase
(ACC), malonyl-CoA acyl carrier protein transacylase (MAT),
and fatty acid synthase (FAS) increases the flux of precursors
toward fatty acid chains [75]. Elevating the activity of these
rate-limiting enzymes boosts the availability of fatty acids,
thereby promoting overall lipid biosynthesis [76].

Following fatty acid generation, TAG assembly optimiza-
tion is crucial, as TAGs constitute the main storage form of
lipids in microalgae and are the preferred substrates for bio-
fuel production [6]. Enhancing the expression or activity of
enzymes involved in this process such as glycer-
ol-3-phosphate acyltransferase (GPAT), lysophosphatidic
acid acyltransferase (LPAAT), and diacylglycerol acyltrans-
ferase (DGAT) facilitates efficient esterification of fatty acids
onto glycerol backbones, improving TAG accumulation [77].
Co-overexpression of these enzymes, as shown in oleaginous
species like Neochloris oleoabundans, has led to significant
increases in lipid content [78].

A complementary strategy is competing pathway inhibition,
aiming to reroute carbon flux toward lipid production by
suppressing pathways that divert substrates away from fatty
acid and TAG biosynthesis [79]. For example, downregulat-
ing starch biosynthesis or p-oxidation pathways reduces car-
bohydrate accumulation and lipid catabolism, respectively,
favoring lipid storage. This targeted repression can be
achieved through gene knockdown, RNA interference, or
gene editing techniques, enhancing lipid yields by channeling
metabolic resources into oil biosynthesis [31].

5.2. Regulatory Network Manipulation

Regulatory network manipulation in microalgae involves
fine-tuning gene expression at multiple levels to optimize
metabolic pathways for enhanced production of lipids and
other valuable compounds [80]. At the transcriptional control
level, strategies focus on modulating the activity of tran-
scription factors (TFs) and promoter elements that govern the
expression of key biosynthetic genes [81]. By overexpressing
or engineering TFs that activate lipid biosynthesis-related
gene clusters, researchers can coordinately upregulate multi-
ple enzymes within a pathway, resulting in amplified meta-
bolic flux toward desired products [82]. Additionally, the use
of stress-responsive or inducible promoters allows dynamic
control of gene expression in response to environmental cues,
enabling microalgae to balance growth and metabolite ac-
cumulation efficiently [83, 84]. Synthetic biology tools such
as CRISPR activation (CRISPRa) provide programmable
means to precisely enhance transcription of target genes
without altering the genome sequence, offering further flexi-
bility in transcriptional regulation [57].

In parallel, post-transcriptional regulation mechanisms in-
cluding RNA stability, small RNA-mediated gene silencing,
and riboswitch-mediated control contribute to the fine-tuning
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of gene expression after transcription [85]. MicroRNAs
(miRNASs) and small interfering RNAs (siRNAs) can target
mRNAs of competing pathways or negative regulators, re-
ducing their translation and thereby redirecting resources
toward lipid synthesis [86]. Riboswitches and RNA-binding
proteins modulate mRNA stability and translation efficiency
in response to intracellular metabolite levels, providing
feedback control that adapts metabolic activity to cellular
states [44]. Collectively, these post-transcriptional processes
add an additional layer of precision, allowing rapid and re-
versible adjustments to gene expression in response to internal
and external signals.

6. Stress Tolerance Engineering

6.1. Abiotic Stress Resistance

Stress tolerance engineering in microalgae focuses on en-
hancing their ability to withstand various abiotic stresses,
which commonly limit productivity in large-scale cultivation
[83]. Temperature tolerance is crucial, as microalgae often
face fluctuating thermal environments; genetic adaptations
such as expression of heat shock proteins and membrane lipid
remodeling help maintain cellular integrity and photosyn-
thetic efficiency under heat or cold stress [87]. For example,
overexpression of chaperones and genes involved in mem-
brane fluidity adjustment improve thermal resilience, ena-
bling sustained growth and metabolite production [88].

Salinity and osmotic stress pose significant challenges,
especially in open pond systems exposed to varying salt
concentrations [83]. Microalgae mitigate osmotic stress by
accumulating compatible solutes such as proline and glycine
betaine, adjusting intracellular ion transporters, and remod-
eling cell walls to maintain turgor pressure and enzyme func-
tion [89]. Genetic engineering strategies enhancing these
osmoprotectant pathways have shown promise in improving
salt tolerance, thereby expanding microalgae cultivation to
marginal water resources [90].

Light stress management addresses issues arising from
excessive or fluctuating light intensities that can cause pho-
todamage via reactive oxygen species (ROS) formation [83].
Microalgae employ photoprotective mechanisms including
non-photochemical quenching (NPQ), increased synthesis of
antioxidant pigments (carotenoids, xanthophylls), and mod-
ulation of chlorophyll antenna size to optimize light capture
while minimizing excitation energy overload [91]. Engi-
neering these pathways can enhance photoprotection, leading
to better growth under intense or variable illumination.

6.2. Oxidative Stress Defense

Oxidative stress defense is a critical aspect of improving
microalgal resilience, as exposure to environmental stresses
such as high light intensity, nutrient deprivation, and temper-
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ature fluctuations often leads to the excessive generation of
reactive oxygen species (ROS), which can damage cellular
components and impair metabolic functions [92]. Enhance-
ment of the antioxidant system in microalgae involves
boosting both enzymatic and non-enzymatic defenses to
scavenge and neutralize ROS efficiently. Key antioxidant
enzymes include superoxide dismutase (SOD), which con-
verts superoxide radicals into hydrogen peroxide; catalase and
peroxidases, which further break down hydrogen peroxide
into harmless water and oxygen; and glutathione peroxidase,
which reduces lipid hydroperoxides [83]. Genetic engineering
strategies targeting the overexpression of these enzymes have
demonstrated improved oxidative stress tolerance and sus-
tained photosynthetic activity under challenging conditions
[89].

In addition to enzymatic antioxidants, microalgae accu-
mulate non-enzymatic antioxidant molecules such as carote-
noids, tocopherols, and glutathione that provide complemen-
tary ROS scavenging and membrane protection [84, 93]. For
example, carotenoids not only play a role in light harvesting
but also protect chloroplast membranes by quenching singlet
oxygen and dissipating excess energy.

Effective ROS management involves balancing ROS pro-
duction and elimination to prevent cellular damage while
maintaining their signaling roles [94]. Metabolic flux ad-
justments during stress conditions can reduce ROS generation,
and enhancement of antioxidant pathways ensures rapid de-
toxification [95]. Advances in synthetic biology have enabled
the design of regulatory circuits that dynamically modulate
antioxidant gene expression in response to oxidative signals,
providing adaptive protection.

7. High-Value Product Enhancement

7.1. Pigment Production

Microalgae are valuable sources of natural pigments, with
astaxanthin being one of the most commercially significant
carotenoids due to its potent antioxidant properties and ap-
plications in nutraceuticals, pharmaceuticals, and aquaculture
[96]. The production of astaxanthin has been extensively
studied in green microalgae such as Haematococcus pluvialis
and Chlorella zofingiensis, which synthesize astaxanthin via
two distinct biosynthetic pathways linked closely to stress
responses, photosynthesis, and fatty acid metabolism [97].
These pathways not only confer protection against photoox-
idative stress but also coordinate with enzymatic defense
systems, allowing the cells to accumulate astaxanthin under
adverse conditions [98, 99]. Despite its high market value, the
large-scale cultivation of H. pluvialis faces challenges in-
cluding slow growth rates, limited light penetration in dense
cultures, and inefficient CO, transfer, all of which restrict
astaxanthin productivity [100]. To overcome these bottle-
necks, multifaceted strategies combining strain improvement
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(including genetic engineering tools like CRISPR/Cas9),
optimized  cultivation regimes (such as hetero-
trophic-phototrophic mixotrophic modes), and enhanced
extraction methods are being developed, aiming to lower
costs and improve yields for commercial viability [45]. Con-
tinuous research is also focused on genome sequencing and
developing molecular toolkits for these microalgae, which
will accelerate strain engineering and industry expansion.

In addition to astaxanthin, microalgae produce a spectrum
of other carotenoids such as beta-carotene, lutein, and ze-
axanthin, which have considerable nutritional, antioxidant,
and commercial value [24]. These carotenoids share common
biosynthetic precursors, and their production can be modu-
lated through both genetic and cultivation strategies to favor
specific pigment profiles [101]. Recent advances in two-stage
cultivation and nutrient recovery processes have further im-
proved pigment productivity while integrating sustainability
goals [102]. Overall, engineering microalgae for enhanced
pigment production, particularly astaxanthin and related ca-
rotenoids, continues to be a dynamic area combining meta-
bolic, genetic, and process innovations to meet growing
market demands.

7.2. Bioactive Compounds

Microalgae are increasingly recognized as a sustainable and
versatile source of valuable bioactive compounds, notably
omega-3 fatty acids and various pharmaceutical precursors
[103]. Omega-3 fatty acids such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) are produced natu-
rally by many microalgal species and serve as essential nu-
trients with significant health benefits, including cardiovas-
cular protection and anti-inflammatory effects [104]. Micro-
algal omega-3s present a sustainable alternative to fish oil,
alleviating environmental concerns related to overfishing and
offering a scalable platform via controlled cultivation systems
[104, 105]. Optimizing cultivation conditions and genetic
engineering approaches have enhanced omega-3 yields, fa-
cilitating their production for nutraceutical and functional
food applications [54].

Beyond omega-3s, microalgae synthesize a broad spectrum
of pharmaceutical compounds including polysaccharides,
antioxidants, pigments, and other secondary metabolites with
antimicrobial, antiviral, anticancer, and anti-inflammatory
activities [106, 107]. These bioactives are often intracellular,
making extraction techniques a key consideration for com-
mercial viability. Recently, multi-stage and cascade extrac-
tion methods have been employed to maximize recovery from
biomass, improving process sustainability and cost-efficiency
[108, 109]. Advances in cultivation technology, bioreactor
design, and metabolic engineering are progressively increas-
ing the yield and diversity of these valuable compounds [110].
Altogether, microalgae offer a promising platform for pro-
ducing bioactive molecules with applications spanning health,
nutrition, and pharmaceuticals, supported by emerging tech-
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nologies that enhance extraction and production efficiency.

8. Omics-Based Strain Improvement

8.1. Genomics and Functional Genomics

Genomics and functional genomics have become essential
tools for advancing microalgal research and biotechnology.
Recent efforts in genome sequencing and assembly have
leveraged high-fidelity long-read technologies such as PacBio
Revio combined with complementary short-read data to
produce high-quality, chromosome-level genome assemblies
[111]. For example, the Nannochloropsis oceanica C018
genome, approximately 26.4 Mbp in size, was assembled into
30 contigs with extensive coverage and annotated using
paired-end transcriptomic reads, enabling the identification of
around 8,700 gene models [112]. Such comprehensive ge-
nome assemblies provide valuable insights into gene content,
metabolic capabilities, and regulatory elements, facilitating
targeted genetic manipulation for traits such as biofuel pro-
duction [113]. De novo assembly approaches integrating
technologies like Oxford Nanopore MinlON (long reads) and
Illumina sequencing (short reads) have also proven effective
for middle-sized microalgal genomes, with hybrid assembly
pipelines yielding higher quality and completeness essential
for comparative and functional genomics studies [114, 115].

In  parallel, transcriptomics  applications  utilize
high-throughput RNA sequencing to profile gene expression
dynamics under varying environmental and physiological
conditions, thereby illuminating functional gene networks and
regulatory pathways [116]. Transcriptome data support ge-
nome annotation by confirming expressed genes and splice
variants and help identify genes responsive to stress, lipid
biosynthesis, or pigmentation pathways [117]. Integration of
transcriptomic datasets with genomic sequences enables sys-
tems biology approaches to model metabolic flux and predict
targets for metabolic engineering. Advances in microalgal
transcriptomics also aid in understanding stress adaptation,
photosynthetic efficiency, and developmental regulation, thus
driving functional insights beyond the static genome sequence
[118]. Together, genome sequencing, assembly, and tran-
scriptomics form a powerful foundation for microalgal func-
tional genomics, accelerating strain improvement and bio-
technological application development.

8.2. Proteomics and Metabolomics

Proteomics and metabolomics are powerful complementary
approaches that provide deep insights into microalgal physi-
ology and metabolic states, crucial for optimizing culture
conditions and enhancing bioproduct yields [119, 120]. Pro-
tein expression profiling through proteomics reveals the dy-
namic changes in the microalgal proteome in response to
environmental factors such as nutrient availability, light in-
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tensity, and growth modes [121, 122]. By applying advanced
techniques like mass spectrometry-based bottom-up prote-
omics, researchers have identified hundreds of proteins with
industrial relevance, including those involved in photosyn-
thesis, lipid biosynthesis, and stress responses [123]. These
studies inform strain optimization and bioprocess design by
elucidating pathways that drive rapid growth or desirable
metabolite accumulation [44]. However, challenges remain
due to the diverse and often complex cell wall compositions of
microalgae, requiring tailored protein extraction protocols for
effective proteome analysis across different species. Moreo-
ver, integrating proteomics data with genomic and tran-
scriptomic information enables a systems-level understanding
of cellular regulation, facilitating targeted metabolic engi-
neering.

On the other hand, metabolite profiling through metabo-
lomics characterizes the full complement of small molecules
within microalgal cells, capturing real-time metabolic re-
sponses to changing conditions and genetic modifications
[124]. Metabolomics helps identify key intermediates and
bottlenecks in pathways such as fatty acid synthesis, carote-
noid production, and stress metabolites, providing critical
biomarkers for strain performance [125]. The combination of
proteomics and metabolomics contributes to a more complete
picture of microalgal metabolism, enabling the development
of predictive models that guide rational engineering [119,
126]. Altogether, these omics technologies advance micro-
algal biotechnology by uncovering molecular mechanisms
behind growth, lipid accumulation, and bioactive compound
production, ultimately supporting the design of robust,
high-yield algal strains for sustainable industrial applications
[127].

9. Cultivation Systems and Bioprocess
Engineering

9.1. Photobioreactor Design

Photobioreactor design for microalgae cultivation requires
careful optimization to maximize biomass productivity while
minimizing energy consumption and operational costs [128].
In closed systems, such as cylindrical, tubular, or flat-panel
photobioreactors, design efforts focus on maximizing the
surface-to-volume ratio to enhance light availability since
light is the most critical and energy-intensive input for mi-
croalgal growth [128, 129]. These systems often incorporate
artificial or natural light sources, with attention to ensuring
uniform light distribution to avoid shading and photoinhibi-
tion, which can reduce photosynthetic efficiency [130]. Key
challenges in closed photobioreactor design include managing
light attenuation as cell density increases, controlling tem-
perature and gas exchange (CO, supply and oxygen removal),
and preventing surface fouling that diminishes light penetra-
tion [117]. Advanced designs utilize features like internal
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light guides, optimized flow patterns, and membrane-based
gas transfer to improve mass transfer and light utilization
while minimizing shear stress on cells [131]. Although closed
systems enable better control over culture conditions and
reduce contamination risk, their higher capital and operational
costs currently limit their use primarily to high-value products
[132].

In contrast, open systems, such as raceway ponds, offer
economically viable cultivation on a large scale but face
challenges related to environmental exposure, lower control
over culture parameters, and higher contamination risks [133,
134]. Efforts to improve open system performance focus on
optimizing pond depth to balance light penetration and tem-
perature control, enhancing mixing for uniform nutrient and
gas distribution, and employing cost-effective CO, delivery
methods [135]. Innovations include hybrid systems that
combine beneficial features of closed and open designs to
increase productivity and environmental resilience [136].
Additionally, process innovations aim to reduce water and
energy consumption while improving biomass quality. De-
spite their limitations, open systems remain attractive for bulk
biomass production due to their simplicity and lower cost,
provided that suitable climatic conditions and resource
availability exist [137].

9.2. Process Integration

Process integration in microalgal biotechnology encom-
passes the seamless coordination of upstream and downstream
processing steps to enhance overall efficiency, reduce costs,
and improve product quality [44, 138]. Upstream processing
involves cultivation and biomass production, where optimiz-
ing growth conditions such as nutrient supply, light intensity,
temperature, and CO; availability is critical to maximize cell
density and target metabolite accumulation [34]. Advances in
photobioreactor design, strain selection, and culture mode
(phototrophic, heterotrophic, or mixotrophic) contribute sig-
nificantly to upstream efficiency [110, 129]. Additionally,
strategies like nutrient recycling and environmental moni-
toring help sustain high productivity while minimizing re-
source inputs.

Downstream processing focuses on harvesting, cell dis-
ruption, extraction, and purification of desired bio-products.
Given the often dilute nature of microalgal cultures, efficient
biomass recovery methods such as flocculation, centrifuga-
tion, or filtration are essential to concentrate cells
cost-effectively [139]. Following concentration, effective cell
disruption techniques mechanical, chemical, or enzymatic are
employed to release intracellular compounds for extraction
[140]. Extraction methods are tailored to the target biomole-
cules, ranging from solvent extraction for lipids and pigments
to advanced techniques like supercritical fluid extraction or
membrane filtration. Integration of multiple extraction steps
can yield diverse value-added products while improving
overall biomass utilization [141]. Purification processes then
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refine product quality to meet industry standards.

10. Challenges and Future Perspectives

Microalgal biotechnology faces several technical challenges
that must be addressed to realize its full commercial potential.
These include issues of genetic stability and reproducibility of
engineered strains, which complicate consistent production
outcomes and long-term cultivation reliability [25]. Low bio-
mass productivity and inefficient harvesting at industrial scales
remain major hurdles due to microalgae’s small cell size and
dilute cultures, driving up processing costs. Additionally, the
complexity of optimizing cultivation systems balancing light
penetration, nutrient supply, and environmental stresses and
scaling photobioreactor designs for cost-effective, contamina-
tion-free production pose significant engineering challenges [110,
128]. The intricate interactions between microalgae and their
associated microbiomes add another layer of complexity but also
offer opportunities for enhanced robustness and productivity
when properly managed [142]. Furthermore, the economic fea-
sibility of downstream processing, including biomass recovery
and product extraction, remains a bottleneck for large-scale ap-
plications.

From a regulatory and ethical perspective, genetic modifi-
cation techniques used for strain improvement raise public
concerns and stringent regulatory scrutiny, particularly
around genetically modified organisms (GMOs) [143]. As a
result, alternative non-GMO approaches, such as atmospheric
and room-temperature plasma (ARTP) mutagenesis, have
gained interest for strain development while potentially easing
regulatory barriers [144]. Regulatory frameworks across dif-
ferent regions are often fragmented and lack harmonization,
complicating market access and technology transfer. Public
acceptance also hinges on transparent risk assessments, re-
sponsible deployment, and clear communication of environ-
mental and health impacts associated with microalgal prod-
ucts [145]. Ethical considerations extend to ensuring sus-
tainable resource use, preventing unintended ecological con-
sequences, and balancing biotechnological innovation with
biodiversity conservation [44].

Looking forward, advances in systems biology, mul-
ti-omics integration, and synthetic biology tools promise to
overcome many current technical challenges by enabling
precise and stable strain engineering, improved cultivation
practices, and process integration [146]. Coupled with
evolving regulatory landscapes that recognize sustainable and
non-GMO methods, these developments are expected to ac-
celerate the transition of microalgal biotechnologies from
laboratory to industrial scale. Integrating microbial commu-
nity management and fostering collaborative innovation will
further enhance robustness and scalability [147]. Overall,
addressing both technical and socio-regulatory challenges is
crucial for harnessing microalgae’s potential to contribute to
sustainable biofuels, bioproducts, and environmental solu-
tions on a global scale.
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11. Conclusions and Future Directions

Microalgae biotechnology stands at a promising crossroads,
driven by advances in genetic engineering, multi-omics inte-
gration, and cultivation technologies that together enhance
their potential as sustainable biofactories for biofuels,
nutraceuticals, pharmaceuticals, and high-value chemicals.
The vast genetic and metabolic diversity of microalgae offers
unprecedented opportunities for precise metabolic pathway
engineering and development of novel pigments, omega-3
fatty acids, and bioactive compounds. Despite these advances,
technical challenges such as improving biomass productivity,
genetic stability, cultivation scalability, and cost-effective
downstream processing remain significant hurdles. Emerging
strategies like synthetic biology, CRISPR-based genome
editing, and systems biology hold promise for overcoming
these bottlenecks by enabling targeted and multiplexed ge-
netic modifications and more efficient strain development.

From a regulatory and ethical standpoint, the future of mi-
croalgal biotechnology will rely on responsible development
practices, clear safety evaluations of genetically modified
strains, and transparent communication to gain public ac-
ceptance, especially in applications involving pharmaceuti-
cals and food. Non-GMO approaches and the Generally
Recognized as Safe (GRAS) status of many microalgal spe-
cies provide favorable frameworks that can facilitate com-
mercialization.

Looking forward, interdisciplinary integration of advanced
molecular tools, smart bioprospecting to uncover novel spe-
cies, innovative photobioreactor designs, and process inte-
gration aiming at circular economy principles will be essential.
Continued research must also emphasize ecosystem-level
understanding and adaptation to environmental variables to
ensure robust and scalable production platforms. Overall,
microalgae are poised to become key contributors to future
sustainable production systems, addressing global challenges
in health, nutrition, energy, and environmental stewardship.
The convergence of scientific innovation, technological de-
velopment, and regulatory readiness will determine the pace
at which microalgae transition from promising research sub-
jects to cornerstone industrial biotechnology platforms.
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