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Introduction 

Microalgae is one of the most promising platforms for sustainable 

biotechnology applications. It is having distinctive advantages 

including rapid growth rates, high photosynthetic efficiency and the 

ability to produce wide range of valuable compounds through 

complex metabolic networks. These photosynthetic microorganisms 

have emerged as multipurpose bio factories capable of synthesizing 

biofuels, pharmaceuticals, nutraceuticals and industrial chemicals 

while simultaneously addressing environmental challenges such as 

carbon dioxide (CO₂) mitigation. 

 The molecular basis of microalgae's biotechnological 

potential lies in their metabolic diversity and genetic plasticity. One 

important regulatory point for lipid biosynthesis is the ACCase gene 

family, which codes for acetyl-CoA carboxylase (1). ACCase1 is 

usually elevated during nitrogen shortage to increase the 

generation of fatty acids, while ACCase2 preserves basal 

metabolism. Similarly, the diacylglycerol acyltransferase (DGAT) 

genes represent critical bottlenecks in triacylglycerol synthesis, with 

DGAT1 expression often limiting in high-lipid production scenarios 

(2). DGAT enzymes catalyse the final step of triacylglycerol (TAG) 

biosynthesis by acylating diacylglycerol to form TAG, making them 

inherently rate-limiting in lipid accumulation pathways. In 

multiple eukaryotic microalgae and yeast, DGAT1 expression 

levels directly correlate with TAG yields, confirming its bottleneck 

role (3, 4). 

 The intricate regulatory networks controlling microalgal 
metabolism have been uncovered by recent developments in 

systems biology. The NRR1 transcription factor in 

Chlamydomonas acts as a master regulator during nitrogen 

deprivation, simultaneously upregulating genes involved in lipid 

synthesis (GPAT, LPAAT, PAP) while downregulating chlorophyll 

biosynthesis genes (CHLM, CHLN) (5). This coordinated regulation 

demonstrates the molecular machinery that CRISPR technology 

can precisely modify. Microalgae are regarded as valuable 

resources for sustainable production of biofuels, high-value 

chemicals and environmental applications due to their rapid 

growth, carbon dioxide fixation and diverse metabolic pathways 

(6). However, CRISPR technology in microalgae faces challenges 

such as low editing efficiency, difficulties in delivering CRISPR 
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Abstract  

Microalgae biotechnology has witnessed a significant transformation with the advent of CRISPR/Cas genome editing technologies, which 

enabled precise gene alterations that were unattainable using conventional methods. Traditional transformation techniques have 
advanced to CRISPR-based platforms, mainly due to significant developments in delivery methods like as systems based on nanoparticles 

and RNP (ribonucleoprotein complexes), which overcame species-dependent barriers and demonstrated the innovative influence of 

CRISPR technology on genetic engineering of microalgal systems over traditional methods. Effective metabolic engineering 

advancements for improved pigment, lipid and biomolecule synthesis are crucial approaches. For this, comprehensive analyses of gene 
deletions or knockouts, overexpression and regulatory changes from model organisms like Chlamydomonas reinhardtii to economically 

important organisms like Nannochloropsis are important. This study highlights elevated expression of biosynthetic genes and suppression 

of competitive pathways, along with significant developments in multiplexed genome editing, which enable coordinated pathway 

alterations by precisely targeting many genes. Despite novel approaches, existing constraints like as off-target consequences, regulatory 
barriers and editing efficiency constraints are critically evaluated for enhancement of CRISPR technology in microalgal modification. 

Revolutionizing developments such as optogenetics-CRISPR inclusion, pan-genomic genetic modifications of microalgal populations and 

AI-driven autonomous genome engineering will establish engineering microalgae as leading platforms for sustainable biotechnology.  
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components and limited genetic tools for precise regulation (7, 

8). This review focuses on recent advances addressing these 

barriers to advance microalgal biotechnology.  

CRISPR/Cas systems: Principles and mechanisms 

The RNA-guided DNA cleavage mechanism of CRISPR/Cas9 
ensures high editing accuracy. gRNA (guide RNA) interaction 

causes conformational changes in the Cas9 protein, aligning the 

HNH and RuvC domains for precise DNA double-strand break (9). 

Target availability for SpCas9 is controlled by the PAM 

(protospacer adjacent motif) sequence NGG. The total number 

of PAM locations differs significantly throughout microalgal 

genomes, ranging from about one for every 8 bp in AT-rich 

sections to one for every 16 bp in GC-rich sequences (10).  

 The mechanism of DNA cleavage involves the formation 

of an R-loop structure where the gRNA replaces one strand of the 

target DNA, allowing base-pairing with the complementary strand. 

The HNH domain cleaves the complementary strand whereas the 

RuvC domain cleaves the non-complementary strand, resulting in 

a blunt-ended double-strand break approximately 3 base pairs 

upstream of the PAM sequence (11). The precision of this cleavage 

mechanism has made Cas9 particularly significant for applications 

requiring predictable cut sites in microalgal genomes. 

Cas12a and alternative CRISPR systems 

Beyond the globally used Cas9 system, alternative CRISPR 

nucleases have significantly expanded the toolkit for microalgal 

genome editing. Cas12a (formerly Cpf1) provided several 

advantages over Cas9, including the requirement for a different PAM 

sequence (TTTV), which increases target site availability in AT-rich 

microalgal genomes (12). The distinct cleavage pattern of Cas12a 

produces staggered cuts with 4-5 nucleotide overhangs, which 

can facilitate more efficient homology-directed repair (HDR) in 

certain applications. 

 Cas12a exhibits improved specificity when compared to 

Cas9, with reduced off-target activity attributed to its 

requirement for a longer spacer sequence (typically 20-25 

nucleotides versus 17-20 for Cas9) and different DNA binding 

mechanisms (13). In microalgal applications, this enhanced 

specificity is valuable where full off-target screening might be 

difficult and genomic resources may be limited. 

 Though their use in microalgae is still restricted because of 

their lower cutting efficiency, the creation of miniature CRISPR 

systems, including Cas12f1 (previously Cas14), has created new 

opportunities for applications with size restrictions (14). These 

compact systems could be useful for delivery systems with payload 

restrictions or multiplexed applications. Without causing 

permanent genomic modifications, Cas13 systems, which target 

RNA instead of DNA, have demonstrated potential for gene silencing 

applications in microalgae. Targeting RNA enables transient and 

reversible modulation of gene expression without altering 

genomic DNA, thereby preserving genetic integrity and avoiding 

heritable off-target mutations; it allows dosage-dependent 

knockdown for precise phenotypic tuning; it bypasses DNA repair 

pathways, reducing cytotoxicity and unintended genomic 

alterations; and it supports multiplexed, rapid deployment to 

interrogate multiple transcripts simultaneously for dynamic 

functional studies in microalgae (15). Cas13 is very appealing for 

study essential genes or producing conditional knockdown 

phenotypes due to the reversible nature of RNA targeting (16). 

Base editing and prime editing systems 

The development of base editing systems has revolutionized 

precision genome editing by enabling targeted nucleotide 

substitutions without creating double-strand breaks. Cytosine 

base editors (CBEs) and adenine base editors (ABEs) have been 

successfully implemented in several microalgae species, 

specifically Synechococcus elongatus, Chlamydomonas reinhardtii 

allowing for the introduction of point mutations, correction of 

deleterious mutations or creation of stop codons (17). 

 Base editing applications in microalgae have demonstrated 

value for adjusting enzyme activities through targeted amino acid 

substitutions. Protein engineering efforts have been accelerated 

and advanced structure-function studies in microalgal systems 

have been made possible by the capacity to generate libraries of 

point mutants at certain locations (18). 

 Prime editing represents the newest advancement in 

precision genome editing, enabling targeted insertions, 

deletions and substitutions without requiring DSBs or donor 

templates. Although primary editing is still in its early stages for 

microalgal applications, it provides unprecedented flexibility for 

precisely modifying genes (18). 

Evolution of genetic engineering in microalgae 

Traditional genetic modification approaches 

Since the 1980s, genetic engineering has evolved significantly, 

from basic transformation techniques to advanced CRISPR-

based systems. Physical disruption techniques were used in the 

early stages of microalgal transformation. The first successful 

transformation achieved in Chlamydomonas reinhardtii using 

glass bead agitation in the presence of DNA and polyethylene 

glycol (PEG) (19). Although transformation efficiency remained 

around        10 % with significant cell mortality, this pioneering work 

made Chlamydomonas the foundational model organism (20) as it 

combines the genetic tractability of yeast with the photosynthetic 

machinery of plants, featuring a haploid lifecycle for immediate 

mutant phenotyping and rapid genetic mapping via tetrad 

analysis. It supports both photoautotrophic and heterotrophic 

growth, enabling versatile metabolic studies and benefits from a 

fully sequenced genome with efficient transformation and 

CRISPR/Cas editing tools for nuclear and organellar loci (21).  

 Electroporation has emerged as the most controlled 

physical method, utilizing electrical pulses to produce transient 

membrane pores for DNA uptake. Despite being a breakthrough, 

early electroporation techniques required extensive species-specific 

optimization of voltage, pulse duration and buffer composition, 

with variable success across different microalgae taxa (22). Although 

they offered gentler options, chemical transformation techniques 

utilizing PEG-mediated uptake and calcium chloride treatment had 

low efficiency and time-consuming protocols. 

 The transformation of recalcitrant species, especially 

marine diatoms with strong silicate cell walls, was achieved 

using particle bombardment (biolistic). This approach involved 

coating gold particles with DNA and accelerating them into 

target cells using compressed gas, allowing transformation 

independent of cell wall composition (23). However, biolistics 

frequently led to cellular damage and intricate, multi-copy 

integration patterns, complicating downstream characterization 

and strain stability. 
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 Through the bacterial T-DNA machinery, Agrobacterium-

mediated transformation was adopted from plant systems 

which offered more consistent integration patterns. Many 

marine and extremophile microalgae such as Nannochloropsis 

sp, Arctic Chlorella sp. proved incompatible with this biological 

approach, despite its success in some species (24).  

 Critical limitations of traditional methods included (i) 
random DNA integration that could disrupt essential genes and 

unpredictable expression patterns, (ii) position effects that could 

cause transgene expression to vary depending on chromosomal 

context. Furthermore, limitations includes the need for selectable 

markers raising regulatory concerns, low transformation efficiency 

that requires extensive screening; and the challenge of obtaining 

marker-free strains essential for commercial applications (25, 26). 

Transition to CRISPR technology 

The advent of CRISPR/Cas systems marked a paradigm shift in 

microalgal genetic engineering, addressing fundamental limitations 

of traditional approaches. The first successful CRISPR applications 

in Chlamydomonas reinhardtii demonstrated targeted gene 

knockout with unprecedented precision, achieving editing 

efficiencies exceeding 70 % compared to < 10 % for traditional. The 

necessity for costly screening programs, which are a feature of 

random integration systems, was eliminated by this significant 

increase in efficiency and precision. 

 CRISPR technology provided several revolutionary 

advantages, including DNA-free delivery via RNP complexes that 

addressed regulatory concerns regarding transgenic organisms, 

multiplexing capabilities that allowed for the simultaneous editing 

of multiple genes and precision targeting through programmable 

guide RNAs that allowed modification of specific genomic loci (27, 

28). Beyond simple nucleases, a variety of CRISPR tools have been 

developed, such as base editing systems for accurate nucleotide 

substitutions without double-strand breaks, CRISPR interference 

(CRISPRi) for reversible gene silencing and CRISPR activation 

(CRISPRa) for targeted upregulation (17, 29). 

 CRISPR's broad applicability across microalgae taxa was 

proved by its rapid species expansion. Effective protocols for 

industrially viable species such as Nannochloropsis oceanica, 

Chlorella vulgaris, Dunaliella salina and Phaeodactylum 

tricornutum were developed after success with Chlamydomonas, 

each requiring species-specific optimization of guide RNA design, 

delivery methods and culture conditions While CRISPR-Cas 

genome editing has been extensively applied to model 

microalgae such as Chlamydomonas reinhardtii and 

Nannochloropsis species, other industrially relevant taxa like 

Scenedesmus and Isochrysis remain largely underexplored. These 

genera hold substantial promise due to their robust growth, lipid 

productivity and suitability for large-scale cultivation; however, 

few studies have reported successful CRISPR-mediated genome 

modifications in these species. The scarcity of genomic resources, 

complex cell wall structures and species-specific transformation 

challenges contribute to limited CRISPR data. Expanding gene-

editing efforts to these underutilized but commercially important 

microalgae is critical for unlocking their full biotechnological 

potential (7, 30). Expanding applications beyond model 

organisms required the development of computational 

techniques for species-specific guide RNA creation and off-target 

prediction (31). 

Delivery methods for CRISPR components in microalgae 

Physical and chemical transformation techniques 

Successful application of CRISPR mainly depends on effective 

delivery strategies that overcome the structural barriers posed by 

diverse microalgal cell walls varying from silica-based frustules in 

diatoms to cellulose structures in green algae (32). Electroporation 

remains the most widely adopted method, with new protocols 

tailored for RNP delivery producing better outcomes than plasmid

-based strategies. To increase cell survival, contemporary systems 

use exponential decay generators with optimal voltage (1-5 kV), 

capacitance (10-50 μF) and specialized low-conductivity buffers 

that contain protective chemicals like trehalose (33). 

 Microinjection provides the most direct delivery approach, 

which precise control over dosage and subcellular localization. 

Although labour-intensive, recent developments in microfluidic 

systems and femtosecond laser-assisted injection have enhanced 

throughput and made conventional microinjection applicable to 

smaller species that were previously inaccessible (34). 

 Chemical transformation methods have been improved 

for CRISPR applications, with PEG-calcium chloride protocols 

optimized for RNP delivery. Extended incubation protocols at 

reduced temperatures (4-15 °C for 30-60 min) have improved 

transformation efficiency while maintaining the integrity of the 

RNP complex (35). 

 By employing species-specific cellulase and pectinase 

enzyme cocktails, protoplast-based delivery technique 

disintegrates cell wall barriers through enzymatic breakdown. 

Though it involves more regeneration phases, this method was 

shown to be very successful for recalcitrant species and generates 

high efficiency for transformation (25). 

 Cell penetrating peptides (CPPs) represent a novel 

biological approach utilizing peptides like TAT and pVEC to 

facilitate membrane translocation. Editing efficiency (2-3 fold) is 

increased through enhanced nuclear targeting of Cas proteins. 

This was attained with recent improvement of nuclear 

localization signals especially those obtained from plant 

pathogen-based sequences (36, 37). 

Advanced nanoparticle-based delivery systems 

Nanoparticle-based delivery represents the cutting-edge of 

CRISPR delivery technology, which provides enhanced stability, 

regulated release and reduced cellular toxicity (38). Biocompatible 

vehicles that can encapsulate plasmid DNA and RNP complexes 

while protecting them from degradation are lipid-based 

nanocarriers, such as liposomes and solid lipid nanoparticles. 

Ionizable lipid nanoparticles, based on successful mRNA vaccine 

formulations, utilize pH-sensitive lipids that become cationic 

under acidic conditions, facilitating cytoplasmic release and 

endosomal escape (39).  

 Polymeric nanoparticle systems provide remarkable 

versatility through adjustable physicochemical properties. For 

both DNA and RNP complexes, poly lactic-co-glycolic acid (PLGA) 

nanoparticles provide biodegradable carriers with controllable 

release kinetics, achieving > 80% encapsulation efficiency. While 

dendrimeric carriers enable precise control over size, charge and 

surface functionalization chitosan-based systems offer cationic 

delivery with inherent mucoadhesive properties (40, 41). 
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 Inorganic nanoparticle systems include mesoporous silica 

nanoparticles (MSNs) offer high surface areas and tuneable pore 

sizes; gold nanoparticles offer remarkable stability and surface 

functionalization capabilities and magnetic nanoparticles 

enabling targeted delivery through external magnetic fields (42, 

43). Smart delivery systems allow stimuli-responsive components 

enabling triggered release in response to light exposure, enzyme 

activity, or pH variations. These systems offer unprecedented 

spatial and temporal control over CRISPR component delivery, 

with applications ranging from optically controlled editing to 

targeted cellular responses (44). 

Species-specific considerations and optimization 

Species-specific traits must be carefully considered while choosing 
a delivery technique for CRISPR-mediated transformation. 

Because of their adapted membrane compositions, marine 

microalgae frequently need greater field strengths for 

electroporation, whereas halophilic species like Dunaliella require 

specific buffer systems that can withstand high salt levels (45). While 

green algae with cellulose walls react favourably to enzymatic 

pretreatment or protoplast-based techniques, diatoms with silicate 

frustules benefit from particle bombardment or nanoparticle-based 

procedures that can pass through rigid cell walls. 

 Culture conditions significantly influence delivery efficiency, 
with logarithmic phase cells typically exhibiting higher 

transformation rates. Species-specific adjustments are needed for 

pre-treatment techniques that include cell wall-weakening 

enzymes and cell density optimization, which are usually 10⁶-10⁸ 

cells/ml (46). Comparative analysis of these techniques is provided 

in Table 1. 

 Multiple delivery methods have been developed for 

introducing CRISPR components into microalgae, including 

electroporation, microinjection, PEG-calcium chloride-mediated 

transformation, species-specific enzymatic digestion with 

cellulase and pectinase, protoplast-based delivery, cell-

penetrating peptides and nanoparticle-based systems. 

Electroporation and microinjection typically provide moderate to 

high transformation efficiencies, but face challenges related to 

scalability and cell viability. PEG-calcium chloride and protoplast-

based approaches are labor-intensive, species-specific and limited 

to strains amenable to cell wall removal. Enzymatic treatments 

facilitate increased permeability but require species-specific 

optimization. While cell-penetrating peptides offer low 

cytotoxicity, their large-scale applicability remains under 

development. Nanoparticle-based delivery methods hold promise 

for targeted, less toxic delivery; however, their high production 

costs and scalability issues currently limit industrial adoption. 

Selecting an optimal delivery method necessitates balancing 

transformation efficiency, cost, scalability and cell viability, 

prompting ongoing refinement for commercial microalgal 

genome editing applications (38, 47). 

Applications of CRISPR in microalgal metabolic engineering 

Lipid production enhancement through targeted gene modification 

Metabolic engineering in microalgae has redefined the production 

of high value compounds through CRISPR technology by targeted 

alteration that markedly elevates the production of commercially 

important biomolecules. This precision approach has overcome 

many limitations of traditional metabolic engineering, allowing 

researchers to create optimized production strains with 

unprecedented efficiency and predictability. 

Triacylglycerol biosynthesis pathway engineering: For the 

enrichment Multiple regulatory points in the triacylglycerol 

biosynthesis (TAG) pathway have been targeted for the 

enrichment of lipid accumulation using CRISPR- mediated 

metabolic engineering. DGAT1 , an enzyme represents the rate-

limiting step in TAG synthesis in most of the microalgae. 

Overexpression studies using CRISPR-mediated promoter 

engineering have shown that upregulation of DGAT1 (3-5-fold 

increase in transcript levels) can enhance lipid content by 40-60 % 

in Nannochloropsis species (48). 

 Conversely, targeted knockout of DGAT2, which 

competes with DGAT1 for the same substrate, has proven 

effective in redirecting metabolic flux. In Chlamydomonas, 

complete DGAT2 knockdown produced a 2.5-fold increase in 

TAG accumulation while regulating cellular viability, indicating 

the accuracy that CRISPR editing can achieve (49). 

 The PDAT (phospholipid: diacylglycerol acyltransferase) 

gene family provides an alternative pathway for TAG synthesis. 

CRISPR-mediated overexpression of PDAT1 (8-fold transcript 

increase) in Phaeodactylum tricornutum resulted in enhancement 

Transformation approach Success rate Targeting specificity Merits Major constraints References 
Conventional approaches 

Electroporation 0.1-5 % Non-specific Broad applicability, easier 
protocol 

Poor transformation rates, elevated 
cell mortality 

(46) 

Particle bombardment 0.01-1 % Non-specific Effective for resistant cell walls Multiple random insertions, 
variable outcomes 

(78) 

Chemical-mediated (PEG/
Calcium chloride) 

0.05-2 % Non-specific Reduced cellular stress Extremely poor efficiency (51) 

Agrobacterium-mediated 1-10 % Partially directed Superior to physical methods Restricted strain compatibility (51) 
Site-Specific approaches 

Zinc finger nucleases 5-20 % Site-directed Targeted methodology Complex protein engineering, 
expensive 

(52) 
TALEN systems 10-30 % Site-directed Enhanced flexibility over ZFNs Complicated assembly, bulky 

proteins 
CRISPR/Cas9 (plasmid-
based) 

30-80 % Highly precise Streamlined design, 
economical 

Potential off-site effects, PAM 
constraints 

(27, 53) 

CRISPR/Cas9 
ribonucleoprotein 

40-85 % Highly precise Selection marker-independent, 
fewer off-targets 

Protein degradation issues, delivery 
obstacles 

(28, 70) 

CRISPR/Cas12a 25-70 % Highly precise Alternative PAM recognition, 
improved accuracy 

Reduced efficiency relative to Cas9 (12, 13) 

Base editing 15-60 % Single base resolution Eliminates double-strand 
breaks 

Restricted editing range (17, 18) 

Prime editing 5-40 % Ultra-precise Eliminates donor template 
requirement 

Reduced efficiency, complex guide 
design 

(18) 

Table 1. Comparative analysis of genetic modification techniques in microalgal systems 
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of lipid yields while simultaneously reducing phospholipid 

content, indicating successful metabolic remodelling (50). 

Fatty acid catabolism pathway disruption: Targeted 

disruption of β-oxidation genes has emerged as a powerful 

strategy for enhancing lipid accumulation. A reliable method for 

enhancing fat accumulation is the targeted disruption of β-

oxidation genes. Knockout of the ACX1 gene, which encodes acyl-

CoA oxidase (the first enzyme in β-oxidation), has been 

accomplished in several species. The ACX1 gene encoding acyl-CoA 

oxidase, the first enzyme in β-oxidation, has been successfully 

knocked out in multiple species. During nitrogen rich conditions, 

knockout of ACX1 in Chlamydomonas resulted in 3-fold increase in 

cellular lipid content due to elimination of 90 % of fatty acid 

degradation activity (51). 

 ACAT (acetyl-CoA C-acetyltransferase) knockout experiment 

TAG accumulation can be increased by preventing stored lipids 

from being metabolized during recovery from stress conditions by 

eliminating this key β-oxidation enzyme. Following a complete 

ACAT omission in Nannochloropsis retained a high lipid content (> 50 

% dry weight) which is a notable improvement over wild-type 

strain (52). 

 The LACS (long-chain acyl-CoA synthetase) gene family 

regulates fatty acid activation for β-oxidation. Multiplexed 

knockout of LACS1, LACS2 and LACS4 in Chlamydomonas 

reduced fatty acid catabolism by 85 %, with the triple knockout 

strain accumulating lipids continuously during cultivation rather 

than only under stress conditions (27). 

Glycerolipid biosynthesis regulation: The first step in glycerolipid 

synthesis is catalysed by GPAT (glycerol-3-phosphate 

acyltransferase). Expression of GPAT in Chlorella vulgaris was 

elevated sixfold because of CRISPR-mediated GPAT promoter 

editing which added more transcription factor binding sites, 

improving the organism's overall ability for lipid biosynthesis (53). 

 A further significant control point is the LPAAT 

(lysophosphatidic acid acyltransferase) family. By using CRISPR-

mediated integration of additional gene copies, LPAAT1 

overexpression resulted in 4-fold increase in enzyme activity and              

45 % higher lipid content in engineered Dunaliella salina  strains (54). 

  In TAG synthesis, PAP (phosphatidic acid phosphatase) 
generates diacylglycerol, the intermediate precursor, from 

phosphatidic acid by removing the phosphate group. DGAT1 

upregulation and targeted overexpression i.e., 5-fold transcript 

increase, resulted in synergistic effects thereby increasing exceeding 

70 % dry weight in optimized Nannochloropsis strains (55). 

Carotenoid and pigment pathway engineering 

Astaxanthin production enhancement: β-carotene undergoes 

multiple enzymatic modifications sequentially as part of the 

astaxanthin biosynthesis pathway. Two enzymes namely BKT (β

-carotene ketolase) and CHY (β-carotene hydroxylase) controls 

astaxanthin accumulation. Astaxanthin production was 

increased to 8 % dry weight in Haematococcus pluvialis by 

CRISPR-mediated BKT overexpression (12-fold increase), which 

was a 4-fold improvement over wild-type strains (30). 

 Strains with simultaneous 6-fold upregulation of CHY and 

overexpression of BKT were able to produce astaxanthin rapidly 

under adverse conditions. During high-intensity cultivation, the 

modified strains maintained cellular viability while accumulating 

astaxanthin at twice the rate of control strains. Since LCYE (lycopene 

ε-cyclase) and LCYB (lycopene β-cyclase) compete for the same 

lycopene substrate, α-carotene is produced instead of β-carotene. 

The α-carotene branch pathway flow was reduced by targeted 

LCYE knockout, which reallocated 100 % of lycopene into the 

synthesis of β-carotene and astaxanthin (56). 

Zeaxanthin and lutein optimization: ZEP (zeaxanthin 

epoxidase), a carotenoid biosynthetic enzyme, reduces 

zeaxanthin buildup by converting zeaxanthin to violaxanthin. 

Complete knockout of ZEP in Chlamydomonas resulted in 

zeaxanthin concentrations reaching 2.5 % dry weight, with 

engineered strains showing enhanced photoprotection under 

high-light conditions (57). 

 Reverse reaction of violaxanthin back to zeaxanthin was 

catalysed by VDE (violaxanthin de-epoxidase) The overexpression 

(8-fold increase) of VDE enhances zeaxanthin recovery rates 

followed by light stress, which makes strains better adapted to 

varying light conditions typical of outdoor cultivation (58). 

 LCYE activity is essential for lutein biosynthesis, producing 

α-carotene, which is subsequently hydroxylated by CHY. In 

targeted knockout backgrounds, balanced overexpression of LCYE 

and CHY (4-fold and 6-fold, respectively) removed the competing 

carotenoid branches, resulting in lutein purities that surpassed                  

85 % of total carotenoids (59).  

Phycoerythrin and phycobiliprotein enhancement: Both 

apoprotein and chromophore generation are intricately regulated 

in the process of phytobiliprotein biosynthesis. PEB genes regulate 

the synthesis of phycoerythrobilin chromophores, while PEAA and 

PEAB encode the α and β subunits of phycoerythrin. PEAA (5-fold), 

PEAB (4-fold) and PEBA (6-fold) were all co-upregulated by CRISPR in 

Porphyridium cruentum, resulting in phycoerythrin concentrations 

that reached 15 % of total cellular protein. Unbalanced apoprotein 

buildup, which generally occurs with single-gene overexpression 

strategies, was prevented by the synchronized expression. 

 By cleaving heme to biliverdin, HO1 (heme oxygenase) 

initiates the biosynthesis of chromophores. Overall phycobiliprotein 

production was found to be rate-limited by HO1 overexpression (3-

fold), with knockout strains showing total pigment synthesis 

elimination despite normal apoprotein levels. 

Protein and pharmaceutical production systems 

Recombinant protein expression optimization: The 

generation of recombinant proteins in microalgae has been 

transformed by CRISPR-based integration at identified safe-

harbouring loci. In Chlamydomonas, the PSA1 locus consistently 

shows high-level expression; integrated transgenes exhibit 

expression that is 5-10 times higher than that of random 

integration sites. 

 Recombinant protein expression was 8-fold higher with 
HSP70A promoter engineering via CRISPR-mediated enhancer 

elements addition than with native promoter strength. Heat-

inducible properties of the modified promoter allowed for the 

development of controllable protein production systems. The 

stability of recombinant proteins has increased because of the 

knockout of competing proteases. FtsH protease knockout 

offered further defence against protein degradation, while CLPP 

(ATP-dependent Clp protease) knockout in Chlamydomonas 
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tripled the stability of recombinant antibodies. 

Glycosylation pathway modification: Because microalgal N-

linked glycosylation is different from mammalian patterns, it 

frequently needs to be modified to produce therapeutic 

proteins. Humanization has focused on ALG genes that regulate 

the initial stages of glycosylation. Through targeted ALG3 

knockout followed by human ALG3 knock-in replacement, 

glycosylation patterns more closely resembling mammalian 

profiles were produced (60, 61). OST (oligosaccharyl transferase) 

subunit modifications that involve precise amino acid changes 

employing base editing have fine-tuned glycosylation efficiency. 

For recombinant proteins, specific mutations in OST1 (D234N, 

K456R) increased N-glycosylation site occupancy from 60-85 %. 

Secretion pathway enhancement: Microalgae's protein 

secretion efficiency is controlled by genes involved in the SEC 

pathway. While SEC62 knockout eliminated competing translation 

initiation that reduced secretion efficiency, SEC61 overexpression (4-

fold) enhanced the translocation of recombinant proteins into the 

endoplasmic reticulum. Signal peptide recognition was improved 

by optimizing the components of the signal recognition particle 

(SRP) through targeted mutation. In comparison to wild-type 

systems, the SRP54 subunit modification (L145F mutation) resulted 

in a 2.5-fold increase in the secretion of proteins that are difficult-to-

express.  

 Microalgae have gained attention as sustainable 

platforms for producing therapeutic proteins and vaccines due 

to their rapid growth, genetic tractability and low production 

costs. Notable examples include the expression of monoclonal 

antibodies, vaccine antigens and antimicrobial peptides in 

Chlamydomonas reinhardtii and Nannochloropsis species. 

Optimizing cultivation conditions such as light intensity, CO₂ 

supply, mixing and nutrient availability in photobioreactors is 

crucial for maximizing microalgal growth and bioproduct yield. 

Dynamic control of CO₂ concentration, for example, using pulsed 

gas supply, can reduce inhibitory effects and significantly enhance 

biomass productivity. These process-level optimizations 

complement molecular improvements and are essential for 

successful scale-up of microalgae-based production systems (62). 

These systems offer safe, scalable production free from human 

pathogens, although optimization of expression and post-

translational modifications remains a challenge. Microalgal-

derived vaccine candidates targeting diseases like malaria, 

influenza and COVID-19 highlight their pharmaceutical potential, 

pending improvements in yield and regulatory approval (63, 64). 

Various applications are illustrated in Fig. 1. 

 

Metabolic flux redirection and pathway integration 

Central carbon metabolism modifications 

A key branch point between glycolysis and the oxidative pentose 

phosphate pathway is PGI (phosphoglucose isomerase). While 

maintaining sufficient glycolytic flux for energy production, 

partial PGI knockdown (60 % reduction in activity) shifted 

carbon flux toward NADPH generation fostering enhanced fatty 

acid biosynthesis (65). 

 Glycolytic flux rates are controlled by phosphofructokinase 

(PFK) regulation. Carbon fixation and energy generation under 

high light conditions were accelerated by CRISPR-mediated PFK 

promoter alteration that eliminated transcriptional repressor 

binding sites, increasing enzyme expression 3-fold. 

 The Rubisco complex requires balanced expression of large 

(RBCL) and small (RBCS) subunits. In engineered Synechococcus 

strains, RBCS overexpression (2-fold) elevated Rubisco assembly 

efficiency by 40 %, enhancing CO₂ fixation rates and overall 

productivity (2).  

Cofactor and energy metabolism 

Optimization of NADH dehydrogenase complex through NUO 

gene modifications increased the efficiency of respiratory 

electron transport efficiency. Coordinate overexpression of 

NUO1 and NUO2 (3-fold each) maintained metabolism during 

diurnal cultivation cycles and enhanced cellular energy status 

during dark periods (5).  

 FNR (ferredoxin-NADP+ reductase) links photosynthetic 

electron transport to NADPH production for biosynthesis. 

overexpression of FNR (4-fold) increased the availability of 

NADPH for fatty acid synthesis, particularly effective when 

combined with modifications in lipid pathway (66). 

 

Fig. 1. Applications of microalgae bioengineering.                     
Some elements of this figure were created with BioRender.com  
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 Pyruvate dehydrogenase activity and central 

metabolism are affected by THI genes that control thiamine 

production. While THI1 overexpression enhanced pyruvate 

utilization efficiency by 25 %, THI4 knockout created thiamine 

auxotrophs that could be used for biocontainment (67). 

Chlamydomonas reinhardtii: The model platform 

Comprehensive metabolic engineering 

Twelve genes were altered at the same time throughout several 

paths in a highly modern project of Chlamydomonas engineering. 

To eradicate lipid catabolism ACX1, LACS1 and were made 

functionless by knocking out (28). Also, starch synthase (STA6) was 

made functionless by knocking out to stop starch buildup, RBCS 

was suppressed (80 % reduction) to lessen fixation of carbon battle 

and NRR1 was continuously induced using promoter alteration (68).  

 This extensive editing produced exceptional outcomes: 
under typical growing environment, the lipid concentration 

increased to 75 % of its dry weight, which is a 6-fold 

enhancement over the wild races. Instead of undergoing stress 

induction, this means the modified strain regularly deposited 

lipids while sustaining 85 % of wild growth rates (69).  

Novel biocontainment systems 

Chlamydomonas biological containment using CRISPR required 

the development of key gene dependencies. Spermidine 

auxotrophs that were produced via spermidine synthase (SPDS) 

deletion are unable to thrive without external supplementation. 

By involving both amino acids for development, the double 

auxotroph produced additional containment strategies when 

combined with ARG7 knockout (arginine auxotroph) (28). 

 Protochlorophyllide oxidoreductase A(PORA) alteration 

was used in enhanced containment to determine light 

wavelength sensitivity. The enzyme has spectral demands that 

were altered by precise amino acid variations (W590F, L434I), 

which made the strain centered on LED wavelengths that are 

unavailable in natural conditions (70). 

Nannochloropsis: Industrial scale applications 

Coordinated lipid pathway optimization 

The development of strains appropriate for the massive production 

of biodiesel was the key objective of commercial nanochloropsis 

engineering. The complete strategy aimed to eliminate conflicting 

paths and improve the production of lipids. DGAT1 was recreated 

and combined at two different loci, resulting in an eight-fold spike 

in overall expression, whereas ACCase1 was increased by five 

times through promoter manipulation (71). 

 To inhibit fatty acid stimulation for β-oxidation, all 4 LACS 

genes were deleted by knocking out at the same time. To stop 

lipid deterioration, patatin-like phospholipase (PNPLA) and 

phospholipase A2 (PLAH) were also removed. Through base 

editing, the fatty acid makeup of the Stearoyl-ACP desaturase 

was changed, resulting in an increase in oleic acid levels from 15-

45% for better biodiesel characteristics (72).  

 With adjusted fatty acid profiles and a 68 % lipid content by 

dry weight, the final altered strain maintained uniform 

manufacturing properties across 50 culture cycles and displayed 

enhanced cold-flow qualities that are crucial for biodiesel usage 

(45). 

 

Stress tolerance engineering 

There is a need for increased tolerance for stress in external 

agriculture. Genes associated to the HSP70 family were 

consistently overexpressed; increased heat shock resistance 

from 38 - 45 °C maximum surviving temperature was achieved 

by HSP70A - 6 fold, HSP70B 4-fold  and HSP70C3-fold (36).  

 The four-fold overexpression of Na+/H+ antiporter (NHX) 
enhanced resistance to salt, allowing for growing saltwater with 

lower freshwater needs. The modified strains continued 80 % of 

their ideal growth rates while sustaining salt levels up to 4 % 

NaCl when paired with pyrroline-5-carboxylate synthase(P5C5) 

overexpression for proline buildup (46). 

Multiplexed engineering in Phaeodactylum tricornutum 

Engineering of sgRNA was categorized into two main steps: 

optimal sgRNA design and evaluation of the selected sgRNAs. 

sgRNAs were designed using web tools such as CRISPOR and 

CRISPR-P 2.0 (73), which analysed factors including on-target 

scores, off-target impact predictions by assessing mismatches, 

presence of restriction sites, GC content and the location of 

sgRNA within the coding sequence (CDS) or untranslated region 

(UTR). The designed sgRNAs were then evaluated for stable 

secondary structure formation, possible off-target sites and 

thermodynamic parameters such as enthalpy and entropy values. 

The secondary structure of sgRNAs was predicted using RNA fold 

(74) and their activity was confirmed by assessing optimal 

structural features (75). Off-target potential and enthalpy of the 

selected sgRNAs were subsequently evaluated using Cas-OFFinder 

(76) and IDT OLIGOANALYSER, respectively, to determine their 

specificity and stability for targeted editing. Advanced bioinformatic 

tools like SMAP design streamline multiplex CRISPR workflows by 

integrating multiplex PCR primer and gRNA design for high-

throughput screening. SMAP design rapidly generates specific, 

compatible primers and gRNAs across multiple loci, enhancing 

design accuracy and reducing turn around time. Validated across 

multiple species, this tool supports efficient mutation detection and 

improves reproducibility, making it especially useful for complex 

genomes such as those of microalgae (77). 

Coordinated metabolic network modification 

To increase the synthesis of fucoxanthin, 15 genes in P. 

tricornutum were concurrently modified in an advanced 

multiplexed CRISPR engineering study project work. To improve 

precursor supply, the pathway for the biosynthesis of carotenoid 

was completely rearranged. Phytoene synthase (PSY) was 

overexpressed eight times, phytoene desaturase (PDS) six times 

and ζ-carotene desaturase (ZDS) four times (67). 

 To get rid of the conflicting β-carotene and α-carotene 

branches, LCYB and LCYE were both deleted by knocking out. To 

stop fucoxanthin deterioration, VDE and ZEP were removed, while 

fucoxanthin synthase (FCS) was overexpressed ten times. To 

enhance the accessibility of isoprenoid precursors, geranylgeranyl 

pyrophosphate synthase (GGPPS) was also overexpressed three 

times (78). 

 Despite fucoxanthin accounting for 89 % of total 

carotenoids, the multiplexed strain's dry weight fucoxanthin 

amounts were 4.2 %, up from 0.3 % in the wild. Industrial viability 

was proved by the maintenance output consistency throughout 

30 culture cycles (26).  
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Silicon metabolism and frustule engineering 

The metabolism of silicon in P. tricornutum was altered to lower 

silica needs without compromising cell structure. Polyamine-

dependent methylated polyamine oxidase (PDMPO), which is 

involved in silica incorporation, was primarily deleted by knocking 

out (by 50 %) whereas silicon transporter (SIT) expression was 

lowered by 70 % using CRISPRi (26). Callose synthase (CAL) was 

upregulated by 4-fold and cellulose synthase (CEL) was 

overexpressed by 6-fold as part of compensatory cell wall 

thickening. In media deprived of silicon, the altered strain grew 

properly while retaining the structure and ability to generate 

lipids. Species-Specific CRISPR implementation strategies of 

various species are given in Table 2. 

 

Conclusion and future perspective 

The integration of CRISPR-Cas mediated genome editing 

technology and microalgal research has contributed to 

biotechnological innovation and sustainable solutions to global 

challenges. This study reveals that CRISPR has made significant 

attempts in model organisms like Chlamydomonas reinhardtii and 

many Nannochloropsis species. But factors like species-specific 

optimization and different transformation efficiencies across 

many microalgal strains are vital challenges influencing the 

efficiency. The successful modification of enhanced lipid-

producing strains for biofuels, enhanced protein expression 

systems and stress-tolerant variants demonstrates the potential 

of this technology. Genome-edited microalgae exhibit high 

potential for industrial applications ranging from sustainable 

biofuel production to the synthesis of high-value pharmaceutical 

compounds and environmental remediation through enhanced 

CO₂ capture. In the future, this field is moving towards more 

advanced approaches including multiplexed editing strategies 

and the integration of synthetic biology principles, while 

expanding attempts to make non-model but industrially relevant 

species more feasible to genetic modification. Improved focus on 

reduction of off-target effects and delivery method refinements 

will lead to better efficacy of this technology. However, 

commercialization has many regulatory constraints that change 

significantly between different countries and regions, which 

requires proper scientific communication between scientists, 

policymakers and industry stakeholders for acceptance and 

implementation of this technology. Beyond these regulatory 

considerations, socio-economic implications must be addressed, 

including equitable access to technology, intellectual property 

rights that may influence innovation and market dynamics and 

the need for fair benefit-sharing with all stakeholders. Potential 

environmental biosafety risks also warrant careful evaluation and 

management, particularly regarding unintended ecological 

impacts, horizontal gene transfer and containment of modified 

strains in natural environments. Despite the existing technical 

challenges, the combination of CRISPR technology with 

understanding of microalgal biology positions these microscopic 

organisms as key players in developing sustainable solutions for 

environmental, energy and biotechnology applications that could 

help address some of the most vital global challenges. 
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