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Abstract

Microalgae, with their unparalleled capabilities for sunlight-driven growth, CO, fixation,
and synthesis of diverse high-value compounds, represent sustainable cell factories for
a circular bioeconomy. However, industrial deployment has been hindered by biological
constraints and the inadequacy of conventional genetic tools. The advent of CRISPR-
Cas systems initially provided precise gene editing via targeted DNA cleavage. This
review argues that the true transformative potential lies in moving decisively beyond
cutting to harness CRISPR as a versatile synthetic biology “Swiss Army Knife”. We synthe-
size the rapid evolution of CRISPR-derived tools—including transcriptional modulators
(CRISPRa/1i), epigenome editors, base/prime editors, multiplexed systems, and biosensor-
integrated logic gates—and their revolutionary applications in microalgal engineering.
These tools enable tunable gene expression, stable epigenetic reprogramming, DSB-free
nucleotide-level precision editing, coordinated rewiring of complex metabolic networks,
and dynamic, autonomous control in response to environmental cues. We critically evalu-
ate their deployment to enhance photosynthesis, boost lipid /biofuel production, engineer
high-value compound pathways (carotenoids, PUFAs, proteins), improve stress resilience,
and optimize carbon utilization. Persistent challenges—species-specific tool optimization,
delivery efficiency, genetic stability, scalability, and biosafety—are analyzed, alongside
emerging solutions and future directions integrating Al, automation, and multi-omics.
The strategic integration of this CRISPR toolkit unlocks the potential to engineer robust,
high-productivity microalgal cell factories, finally realizing their promise as sustainable
platforms for next-generation biomanufacturing.

Keywords: CRISPR; microalgal engineering; synthetic biology; metabolic engineering;
biomanufacturing

1. Introduction

Microalgae represent a cornerstone of sustainable biomanufacturing, offering trans-
formative solutions to global challenges in energy, nutrition, and environmental steward-
ship [1]. Their unparalleled advantages include rapid growth powered by sunlight and
CO,, superior carbon fixation capabilities, and the innate capacity to synthesize diverse
high-value compounds—from nutraceuticals (e.g., omega-3 fatty acids and carotenoids)
and biofuels to therapeutic proteins and commodity chemicals [2,3]. These attributes
position microalgae as versatile, self-sustaining cell factories poised to drive a circular
bioeconomy [4].
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Despite this immense promise, industrial-scale deployment remains hampered by
persistent bottlenecks. Suboptimal biomass productivity, vulnerability to environmental
fluctuations and pathogens, and insufficient target compound titers frequently fall be-
low economic viability thresholds [5]. These limitations stem from inherent biological
constraints and the inadequacy of conventional metabolic engineering tools. Traditional
approaches, such as random mutagenesis or low-efficiency homologous recombination,
lack precision, suffer from poor throughput, and are ill-suited for orchestrating complex
genetic rewiring [6,7]. Consequently, efforts to enhance robustness, productivity, or novel
pathway integration progress slowly and often unpredictably.

The advent of CRISPR-Cas systems marked a pivotal breakthrough, enabling targeted
gene editing in microalgae with unprecedented precision [6,8]. Early CRISPR applications—
primarily focused on gene knockouts and knock-ins via programmable nucleases (e.g.,
Cas9/Cas12)—addressed initial genetic access barriers [9-11]. However, merely “cut-
ting” DNA is fundamentally insufficient to overcome the multifaceted challenges of next-
generation metabolic engineering. Optimizing traits like lipid overproduction, stress
resilience, or complex metabolic flux rerouting demands nuanced, multi-layered interven-
tions: tunable gene expression control, epigenetic reprogramming, base-level corrections,
and dynamic regulation across multi-gene circuits.

Herein lies the transformative potential of CRISPR-driven synthetic biology. By re-
purposing CRISPR components beyond nucleases, researchers have unlocked a versa-
tile molecular toolkit. Catalytically deactivated Cas proteins (dCas9/dCas12) serve as
programmable scaffolds for transcriptional activators/repressors (CRISPRa/1i), enabling
precise gene expression modulation without DNA cleavage [12]. Base editors (CBEs, ABEs)
facilitate single-nucleotide conversions, while prime editors (PEs) support targeted inser-
tions, deletions, and all base transitions without double-strand breaks. Further innovations
harness CRISPR for epigenetic modifications, RNA targeting, and multiplexed genome reg-
ulation [13]. This evolution—from molecular “scissors” to a synthetic biology “Swiss Army
Knife”—empowers multiplexed, tunable, and context-aware control of cellular machinery,
essential for engineering microalgae with industrial-grade performance (Figure 1).

This review synthesizes the rapid progress in CRISPR-driven tool development for
microalgal metabolic engineering, moving decisively beyond cutting. We critically evalu-
ate the expanding arsenal —CRISPRa/i, base/prime editors, epigenetic modulators, and
multiplexing systems—and their applications in the following areas: (1) Boosting Produc-
tivity and Robustness: Enhancing growth under scale-up conditions and resilience against
stressors; (2) Elevating Compound Yields: Optimizing pathways for high-value products
(e.g., biofuels, nutraceuticals); (3) Engineering Complex Pathways: Rewiring metabolism
via dynamic, multi-gene circuits.

We further address persistent challenges—delivery efficiency, species-specific tool op-
timization, off-target effects, and scalability—and highlight emerging technologies poised
to unlock the full potential of microalgae as next-generation biomanufacturing platforms.
By bridging cutting-edge synthetic biology with industrial imperatives, this work aims to
catalyze the development of high-performance, economically viable algal cell factories.
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Figure 1. CRISPR-driven synthetic biology toolkit for microalgal metabolic engineering. This diagram
illustrates a comprehensive CRISPR-based toolkit tailored for microalgal metabolic engineering. At
the core are dead CRISPR proteins (dCas9/dCas12), serving as a versatile “Swiss Army Knife”
with five modular capabilities: transcriptional control (Labels: A. Transcription, B. Promoter, C.
Gene) epigenome engineering for stable chromatin remodeling, precision base and prime editing
without double-strand breaks, multiplexed systems for coordinated pathway rewiring, and biosensor
logic gates enabling autonomous dynamic control. These tools enable enhanced productivity and
robustness in photosynthesis and stress tolerance, high-value compound synthesis (lipids/biofuels,
carotenoids/PUFAs, proteins), and smart carbon utilization through optimized CO, fixation and
flux redirection. The orange box highlights the future integration of gRNA design, automation
for high-throughput screening, and biocontainment strategies. The conceptual overview diagram
underscores the toolkit’s multifunctionality.

2. The CRISPR Toolkit: Core Components Beyond Cutting

The transition of CRISPR technology from a simple DNA-cleaving apparatus to a
multifaceted synthetic biology platform represents a quantum leap for microalgal metabolic
engineering, fulfilling the promise outlined in the Introduction [14-16]. Moving decisively
beyond the initial paradigm of targeted double-strand breaks (DSBs), this toolkit now offers
the unprecedented precision, programmability, and versatility essential for overcoming the
“inherent biological constraints” and “inadequacy of conventional metabolic engineering
tools” that have hampered industrial-scale microalgal deployment. This section dissects
the core components enabling this revolution, focusing on their principles, adaptations
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for microalgae, and transformative applications, thereby building the “synthetic biology
arsenal” critical for creating “industrial-grade performance” strains.

2.1. Foundations for Precision Editing

The bedrock of advanced CRISPR applications remains the programmable Cas ef-
fector protein and the means to deliver it efficiently into the recalcitrant microalgal cell—
fundamental prerequisites for moving “beyond cutting”.

2.1.1. Cas Protein Variants and Algal Adaptability

While Streptococcus pyogenes Cas9 (SpCas9) was the pioneer, its limitations in
microalgae—large size hindering delivery, strict Protospacer Adjacent Motif (PAM) re-
quirements (5'-NGG-3'), and significant off-target effects—have spurred diversification,
directly addressing the need for species-specific optimization [8,17]. Smaller orthologs like
Francisella novicida Cas12a (FnCas12a, ~3.7 kb) offer distinct advantages: simpler crRNAs
enabling multiplexing, staggered DSBs potentially favoring specific repair pathways, and
alternative PAMs (e.g., 5'-TTTV-3'). Even smaller variants like the ultra-compact CasMINI
(~1.5 kb), engineered from Prevotella sp. P5C062 Cas12f, hold immense promise for viral
vector packaging or complex cargo delivery into microalgae with notoriously small cell
sizes and rigid walls, overcoming a major delivery barrier [18]. High-fidelity variants
(e.g., SpCas9-HF1, eSpCas9, HypaCas9), engineered with mutations reducing non-specific
DNA contacts, are crucial for minimizing off-target edits in organisms like Chlamydomonas
reinhardtii, where error-prone repair pathways can amplify errors, ensuring the precision
demanded for metabolic engineering [19]. Cas12 nucleases often exhibit lower off-target
rates than Cas9 and are gaining traction in diatoms and Nannochloropsis. The key challenge
lies in empirically determining the most efficient and specific Cas ortholog-engineered
variant pair for each microalgal species, often requiring codon optimization and promoter
(e.g., viral, endogenous strong constitutive/inducible) screening—a critical step for un-
locking the potential in diverse algal hosts [20,21]. Furthermore, fundamental differences
between prokaryotic CRISPR-Cas origins and eukaryotic cellular machinery necessitate
additional adaptations. These include the following: (1) Engineering nuclear localization
signals (NLSs) into Cas proteins to ensure proper nuclear entry—a requirement absent
in bacteria but critical for genome access in algae with defined nuclei [22]. (2) Modifying
gRNA expression systems to accommodate eukaryotic RNA processing (e.g., using RNA
Pol III promoters like U6, tRNA promoters, or ribozyme-flanked cassettes), as native bac-
terial crRNA arrays may not be correctly processed [23]. (3) Accounting for chromatin
state differences, where heterochromatic regions can impede Cas protein binding [24,25].
(4) Navigating fundamentally distinct DNA repair pathways, particularly the inefficiency of
HDR in most microalgae compared to prokaryotic homologous recombination systems [7,8].
These eukaryotic-specific barriers compound the challenges of species-specific optimization
and must be addressed for robust CRISPR tool functionality [26].This empirical optimiza-
tion is particularly critical given stark differences in tool performance across species. For
instance, while SpCas9 is functional in the model alga C. reinhardtii, its editing efficiency can
be suboptimal in industrially relevant strains like Nannochloropsis gaditana, where Cas12a
(e.g., FnCasl12a, LbCas12a) often demonstrates superior performance and lower off-target
rates [6,27,28]. Similarly, PAM requirements pose distinct constraints: the canonical SpCas9
NGG PAM is relatively abundant in C. reinhardtii genomes but less frequent in some di-
atoms like Phaeodactylum tricornutum, making Cas12a variants recognizing T-rich PAMs
(e.g., TTTA, TTTV) more suitable [29,30]. Even smaller variants like CasMINI show promise
but require validation across diverse microalgae with varying genome complexities and
GC contents [31-33].
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2.1.2. Delivery Strategies: Overcoming the Algal Fortress

Efficient intracellular delivery of CRISPR ribonucleoproteins (RNPs), mRNA, or DNA
constructs remains a primary bottleneck, compounded by diverse cell wall/membrane
compositions (cellulose, silica, algaenan), polysaccharide capsules, and varying cell sizes—
a fundamental hurdle highlighted in the Introduction’s call for bridging “delivery effi-
ciency” [34]. Physical methods like electroporation (widely used in C. reinhardtii) and
particle bombardment (biolistics) offer species-agnostic delivery but suffer from low effi-
ciency, high cell mortality, and frequent multi-copy integration causing transgene silencing,
limiting their utility for generating stable, high-performing strains [17]. Chemical methods,
including PEG-mediated transformation and cationic polymer/nanoparticle complexes
(e.g., chitosan, polyethyleneimine), show promise for non-model species but require ex-
tensive optimization for each algal type [8,17]. Biological vectors, particularly engineered
viruses (e.g., Chlorella viruses) or advanced Agrobacterium-based systems adapted for algae,
represent a frontier for high-efficiency, and potentially low-copy, stable delivery, crucial for
industrial applications [35]. Recent innovations focus on cell wall-weakening enzymes (e.g.,
cellulase pretreatment for green algae), novel nanocarriers (lipid nanoparticles mimicking
mRNA vaccine delivery, cell-penetrating peptide conjugates), and optimized RNP delivery
protocols to minimize toxicity and maximize editing efficiency without genomic integra-
tion [8,17]. Overcoming this “algal fortress” is paramount for translating CRISPR tools into
practical metabolic engineering success. Delivery efficiency varies dramatically between
species. Electroporation, while established for C. reinhardtii, often yields low transformation
frequencies and high mortality in diatoms or Nannochloropsis due to their robust silica-
or algaenan-based cell walls [17,36,37]. Biolistics can be species-agnostic but frequently
leads to multi-copy insertions and silencing in Nannochloropsis, complicating the generation
of stable strains [38,39]. PEG-mediated transformation shows promise for Haematococcus
pluvialis but requires extensive optimization for each strain [40]. Engineered viruses, highly
efficient for some Chiorella species, lack broad applicability [41,42]. Consequently, novel
strategies like cell wall-weakening enzymes or tailored nanocarriers are essential foci for
non-model species.

2.1.3. Harnessing and Optimizing Repair Mechanisms

The outcome of Cas nuclease-induced DSBs is dictated by the cell’s endogenous re-
pair machinery, presenting both challenges and opportunities for moving beyond simple
knockouts [43,44]. Non-Homologous End Joining (NHE]) predominates in most microal-
gae, often leading to small indels suitable for gene knockouts. However, its error-prone
nature is detrimental for precise insertions required for sophisticated pathway engineering.
Microhomology-Mediated End Joining (MME]), utilizing short flanking homologous se-
quences, offers a more predictable alternative for small deletions but is less characterized
in algae [45]. Homology-Directed Repair (HDR), essential for precise knock-ins or replace-
ments, is notoriously inefficient in microalgae, especially in non-dividing cells common in
dense cultures—a significant limitation directly impacting efforts to enhance “robustness,
productivity, or novel pathway integration” [46]. To overcome the notorious inefficiency
of HDR in microalgae, which critically limits precise knock-ins or replacements essential
for advanced engineering goals like enhancing robustness, productivity, or novel pathway
integration, several key strategies are employed. Enhancing HDR involves temporal control
by expressing Cas9 specifically during S/G2 cell cycle phases using cell cycle-regulated
promoters (e.g., histone H4 promoter) when HDR is active, and suppressing the dominant
Non-Homologous End Joining (NHE]) pathway through co-delivery of chemical inhibitors
(e.g., SCRY targeting DNA ligase IV) or expression of dominant-negative forms of core
NHE] factors (e.g., Ku70/80). Donor design is also optimized, such as using single-stranded
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oligodeoxynucleotides (ssODNs) instead of dsDNA in some species, incorporating asym-
metric homology arms, and protecting donor ends from degradation via modifications
like phosphorothioates [47,48]. Alternatively, NHE]J-dependent strategies exploit prevalent
NHE]J activity to integrate large constructs, either through double-cut HDR (creating two
flanking DSBs) or direct ‘NHE]-capture’, where linearized donor DNA with compatible
ends is ligated into the Cas-induced DSB [49,50]. Understanding and manipulating these
repair pathways is fundamental for transitioning from simple knockouts to sophisticated
genome engineering needed for orchestrating complex genetic rewiring and dynamic
multi-gene circuits.

2.2. Transcriptional Regulation: CRISPR Activation and Interference (CRISPRa/i)

Catalytically deactivated Cas proteins (dCas9/dCas12) retain DNA-binding specificity
but lack cleavage activity, embodying the move “beyond cutting”. By fusing them to tran-
scriptional effector domains, researchers gain programmable control over gene expression
without altering the underlying DNA sequence—a reversible and tunable approach per-
fectly suited for “dynamic regulation across multi-gene circuits” and “pathway balancing”.

2.2.1. Core Principles

dCas9 serves as a modular scaffold. Fusion to transcriptional activators like VP64 (a
tetramer of herpes simplex virus VP16 domain), p65 (NF-«kB subunit), or Rta (Epstein—Barr
virus transactivator) creates CRISPR activation (CRISPRa) systems [51,52]. These recruit
the cellular transcription machinery (e.g., RNA polymerase II, co-activators) to the target
promoter, boosting gene expression. Conversely, fusion to repressors like the Kriippel-
associated box (KRAB) domain (recruiting heterochromatin-forming complexes) or the
mSin3 interaction domain (SID4x) (recruiting histone deacetylases-HDACs) creates CRISPR
interference (CRISPRi) systems, blocking transcription initiation or elongation [53-55].
Multi-domain activators (e.g., VPR:VP64-p65-Rta; SAM: synergistic activation mediator
incorporating MS2-p65-HSF1) significantly enhance activation strength [56]. CRISPRa/i
offers several key advantages crucial for metabolic engineering: reversibility (removal of
the dCas9-effector complex restores baseline expression), tunability (effector expression
level, sgRNA design targeting specific promoter elements like proximal vs. distal regions),
multiplexing capability, and avoidance of permanent genomic changes—essential for
studying essential genes, fine-tuning metabolic pathways (“elevating compound yields”),
and avoiding the “pitfalls of uncontrolled random integration and positional effects often
seen with traditional overexpression vectors” [57,58].

2.2.2. Strategies and Case Studies in Microalgae

Implementing CRISPRa/i in microalgae requires careful optimization, reflecting the
need for species-specific tool adaptation. Key considerations include choosing potent
effector domains functional in the algal nucleus (often requiring testing), selecting effec-
tive target sites within promoter regions (empirical testing is common due to limited
algal promoter annotation), and efficiently expressing the often-large dCas9-effector fusion
proteins (codon optimization, strong promoters) [59]. Pioneering work in C. reinhardtii
demonstrated successful dCas9-VP64-mediated activation of reporter genes (e.g., ARS2)
and endogenous genes like HSP70A [60,61]. CRISPRi using dCas9-KRAB has effectively
silenced transgenes and endogenous genes (e.g., MAA7 encoding tryptophan synthase,
conferring 5-fluoroindole resistance) [62-65]. More recently, multiplexed CRISPRi has
been used to simultaneously repress multiple competing pathways (e.g., glycogen syn-
thesis, 3-glucan synthesis) in Nannochloropsis oceanica, successfully redirecting carbon flux
towards lipid accumulation—a direct application for “boosting productivity” and “ele-
vating compound yields” (lipids for biofuels) [66—-68]. CRISPRa holds immense promise
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for activating silent biosynthetic clusters (common in diatoms), enhancing the expression
of rate-limiting enzymes in pathways for high-value nutraceuticals like carotenoids (e.g.,
[3-carotene, astaxanthin) or polyunsaturated fatty acids (PUFAs) such as EPA/DHA, or
boosting stress response genes (e.g., heat shock proteins, antioxidant enzymes) for im-
proved “robustness against stressors”. Inducible promoters controlling dCas9-effector
expression add another layer of temporal control, enabling dynamic pathway induction
aligned with growth phases or environmental conditions [9,69-71]. However, implement-
ing robust CRISPRa/i in non-model species faces hurdles beyond model organisms like C.
reinhardtii [72]. Activation strength using common effector domains (e.g., VP64) is often
modest in species like P. tricornutum compared to the model, potentially due to differences
in nuclear import, chromatin accessibility, or co-factor availability [73,74]. Identifying
effective target sites within poorly annotated promoter regions of non-model algae requires
extensive empirical testing [27,75]. Furthermore, expressing large dCas9-effector fusions
(e.g., dCas9-VPR) can be more challenging in species with less efficient expression systems
or compact genomes [76-78].

2.2.3. Advantages

The non-mutagenic, reversible, and tunable nature of CRISPRa/i makes it uniquely
suited for “dynamic metabolic engineering”, “pathway balancing”, and functional ge-
nomics studies, where permanent knockouts could be lethal or undesirable, directly ad-

dressing the need for nuanced interventions beyond simple knockouts [57,79,80].

2.3. Epigenome Engineering

Beyond the genetic code, eukaryotic gene expression is profoundly regulated by
epigenetic marks—chemical modifications to DNA (cytosine methylation) and histone
proteins (acetylation, methylation, phosphorylation). CRISPR-epigenome engineering uses
dCas9 fused to epigenetic modifier enzymes to rewrite these marks at specific genomic loci,
offering long-term, potentially heritable control over gene expression states—a powerful
layer of “multi-layered interventions” for stable trait enhancement [81,82].

2.3.1. Core Principles of Epigenome Editing

dCas9 serves as a precise targeting platform to guide epigenetic modifiers to spe-
cific genomic locations. For targeted DNA methylation, dCas9 is fused to DNMT3A to
induce de novo DNA methylation, resulting in gene silencing, or to the catalytic domain
of TET1 to promote DNA demethylation and subsequent gene activation [83,84]. For his-
tone modifications, dCas9 directs writers, erasers, and readers to alter chromatin marks:
fusions like dCas9-p300 core (a histone acetyltransferase) add activating H3K27ac marks,
while dCas9-LSD1 removes activating H3K4me1l/2 marks to cause repression, and dCas9-
EZH2 (a component of PRC2) adds repressive H3K27me3 marks [85]. Collectively, these
dCas9-mediated epigenetic modifications—whether altering DNA methylation or histone
marks—fundamentally change chromatin accessibility (shifting between euchromatin and
heterochromatin states), thereby directly recruiting or blocking the transcription machinery
to regulate gene expression.

2.3.2. Potential and Applications in Microalgae

CRISPR-based epigenome editing offers powerful tools to directly address challenges
in microalgal engineering, such as transgene silencing. By precisely erasing repressive
marks (e.g., H3K27me3) or adding activating marks (e.g., H3K27ac) at transgene loci or
endogenous silent biosynthetic clusters, it can potentially overcome positional effects to
achieve stable, high-level expression of transgenes or silenced pathways—essential for
industrial viability, including the production of novel compounds like isoprenoids or toxins
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in diatoms [81,86-88]. Conversely, this technology enables the permanent silencing of
undesirable genes, such as those in competing pathways (e.g., starch synthesis during
lipid production), repressors of valuable pathways, or destabilizing transposable elements,
by establishing repressive chromatin marks like DNA methylation or H3K27me3 [89].
Furthermore, it serves as a vital research tool to dissect the role of epigenetic regulation
in algal development, stress adaptation (e.g., to heat, high light, salinity), and metabolism
(e.g., lipid accumulation under nitrogen stress) through the targeted manipulation of
marks [81,82,90]. Ultimately, it holds the promise to engineer stable epigenetic memory,
creating heritable states that enhance key performance traits like stress tolerance or lipid
production across generations without altering the DNA sequence, providing a novel route
to develop robust industrial strains. Initial proof-of-concept studies targeting model loci
are paving the way for this approach in diatoms (e.g., Phaeodactylum) and green algae
(e.g., Chlamydomonas).

2.4. Base Editing

Base editors (BEs) represent a paradigm shift “beyond cutting”, enabling precise,
targeted single-nucleotide changes without requiring DSBs, donor DNA templates, or
reliance on inefficient HDR pathways. This is revolutionary for introducing point mutations,
correcting pathogenic SNPs, or fine-tuning enzyme function—directly addressing the HDR
bottleneck and enabling “base-level corrections” [91,92].

2.4.1. Core Mechanisms of Base Editing

BEs consist of a catalytically impaired Cas nickase (nCas9 or nCasl2), capable of
nicking only one DNA strand, fused via a linker to a nucleobase deaminase enzyme. They
function within a narrow “editing window” (typically positions 4-8 or 4-7, counting the
PAM as 21-23) near the PAM site [93]. Cytosine base editors (CBEs) fuse nCas9 to a
cytidine deaminase (e.g., rAPOBEC1, AID, evoFERNY), converting CeG base pairs within
the window to UeG intermediates; cellular repair then converts UeG to TeA, resulting
in a CeG to TeA transition, with high-efficiency variants (e.g., BE4max, evoAPOBEC1-
BE4max) minimizing unwanted “bystander” C edits [94,95]. Conversely, Adenine Base
Editors (ABEs) fuse nCas9 to an evolved E. coli TadA adenine deaminase (e.g., TadA-7.10,
TadA-8e), converting AeT base pairs to inosineeT (IeT) intermediates that are repaired
to GeC, achieving AeT to GeC transitions, as seen in optimized variants like ABE8e [96].
Dual Base Editors combine both cytidine and adenosine deaminase activities within a
single protein for broader editing potential across the window. Representing a significant
evolution beyond canonical base editors, Prime Editors (PEs) utilize a Cas nickase (usually
HB840A SpCas9) fused to a reverse transcriptase (RT) and a specialized prime editing Guide
RNA (pegRNA). The pegRNA contains both the target-binding spacer and a 3’ extension
encoding the desired edit(s) plus a primer binding site (PBS) [97]. The nCas9 nicks the target
strand, and the RT uses the pegRNA extension as a template to synthesize a new DNA flap
incorporating the edit(s) directly at the nicked site, which is then incorporated by cellular
repair. This mechanism allows PEs to achieve the broadest editing scope: all 12 possible
base-to-base transitions and transversions, as well as small insertions and deletions (up to
~80 bp), without creating double-strand breaks (DSBs) [98,99].

2.4.2. Applications in Microalgae

BEs are ideally suited for microalgal engineering, effectively circumventing the HDR
bottleneck. They enable precise enzyme optimization through targeted point mutations
in key metabolic enzymes to enhance catalytic activity, alter substrate specificity, or re-
duce feedback inhibition; examples include mutating acetyl-CoA carboxylase (ACCase) to
boost lipid synthesis flux, engineering RuBisCO for improved carbon fixation or reduced
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photorespiration, and optimizing desaturases/elongases for tailored PUFA profiles like
DHA yield in Nannochloropsis [100,101]. Furthermore, BEs facilitate the creation of clean
knockouts by introducing premature stop codons (e.g., converting CAA/CAG/CGA to
TAA/TAG/TGA using CBEs), enabling efficient and predictable gene silencing without
indels to disrupt competing pathways [102]. Additionally, they allow for strain repair
by correcting deleterious mutations in elite strains arising from random mutagenesis or
spontaneous events [103]. Finally, BEs permit the precise tuning of regulatory elements,
such as modifying promoter sequences (e.g., TATA box, transcription factor binding sites)
or regulatory RNA elements to fine-tune gene expression levels. Successful applications
of base editing in microalgae like C. reinhardtii and Phaeodactylum tricornutum include in-
troducing herbicide resistance mutations (e.g., in psbA conferring resistance to atrazine or
diuron) and creating precise tags [104,105].

2.4.3. Advantages and Limitations

BEs offers significant advantages over traditional CRISPR-Cas9 editing, primarily
because its DSB-free mechanism minimizes genotoxicity and chromosomal rearrange-
ments [106]. It achieves high efficiencies in amenable loci without requiring donor DNA
and enables the editing of non-dividing cells, resulting in cleaner, more predictable out-
comes than NHE]-mediated knockouts [104,106]. However, the technology faces limitations:
its application is restricted by PAM availability and a narrow editing window. Within this
window, unwanted bystander edits (C or A conversions for CBEs/ABEs) can occur, along-
side potential off-target DNA editing (typically exhibiting off-target frequencies of 0.1-1.0%
in standard systems), though this is reduced by 10- to 100-fold to <0.01% in newer high-
fidelity variants [107]. Off-targeted RNA editing is mediated by the deaminase domain.
Insertion capabilities are constrained by a limited payload size, especially with standard
base editors compared to prime editors (PEs), and efficiency varies significantly depending
on sequence context, chromatin state (with heterochromatin being refractory), and cell
type [108,109]. While PEs offer greater versatility, they can be less efficient than CBEs/ABEs
for simple transitions and require complex pegRNA design. Consequently, ongoing engi-
neering efforts focus on expanding PAM compatibility (e.g., SpG, SpRY, Sc++ Cas9 variants
recognizing NGN, NRN), narrowing editing windows and reducing bystander effects (e.g.,
SECURE-BEs), developing Casl2-based base editors, and improving PE efficiency and
delivery [97,110].

2.5. Prime Editing: Expanding the Horizon of Precision

Prime editing (PE) represents a transformative leap beyond conventional base editing
and HDR, enabling versatile DNA alterations without double-strand breaks (DSBs) or
donor DNA templates, embodying the ultimate precision toolkit [111,112]. The PE system
comprises an engineered Cas9 nickase (FH840A)-reverse transcriptase (RT) fusion protein
guided by a prime editing guide RNA (pegRNA). The pegRNA simultaneously specifies
the target site via its spacer and encodes the desired edit via its 3’ extension, which contains
the primer binding site (PBS) and the reverse transcriptase template (RTT) [113]. Upon
binding, the nickase cleaves the non-complementary (target) DNA strand, and the RT
synthesizes a new DNA flap using the RTT as a template. Cellular DNA repair machinery
(primarily involving DNA flap displacement and ligation) then incorporates this edited flap,
facilitating precise insertions, deletions, and all 12 possible base substitutions [114,115].

Overcoming Limitations in Microalgae

While base editors (CBEs/ABEs) are constrained by PAM availability, editing win-
dows, and bystander edits, PE offers significantly broader targeting scope and edit diversity,
crucial for complex metabolic engineering. Its DSB-free nature minimizes genotoxicity and
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chromosomal instability—critical advantages for microalgae where DSB repair pathways,
especially HDR, are notoriously inefficient and error-prone [65,116-118]. PE circumvents
the need for HDR entirely, making it ideal for introducing complex edits like multiple adja-
cent point mutations, codon replacements, small indels in regulatory regions, or repairing
disease-associated mutations in key metabolic genes [119,120]. Initial success has been
demonstrated in Arabidopsis thaliana cells, where PE achieved an average 1.15% editing effi-
ciency, which is 16.4-fold higher than previously reported [121-123]. Challenges remain in
pegRNA design optimization (algorithms like pegFinder and PrimeDesign are improving
this), delivery efficiency for the large PE fusion protein (~6.3 kb for PE2), and achieving
high efficiencies comparable to base editors in some contexts. However, its unique ability
to perform “search-and-replace” editing positions PE as the gold standard for precision
genome engineering in recalcitrant algal systems, enabling edits previously impossible or
extremely difficult with other methods [124,125].

2.6. Multiplexed Genome Engineering: Rewiring Complex Pathways

Engineering the complex genetic rewiring required for next-generation microal-
gal metabolic engineering—such as elevating compound yields or engineering intricate
pathways—necessitates simultaneous modification of multiple genomic loci [28,72]. This
task is ideally addressed by multiplexed CRISPR systems, which co-deliver several guide
RNAs (gRNAs) targeting distinct genes within a single cell. Key enabling strategies include
polycistronic gRNA arrays, where flanked gRNAs are processed by endogenous RNases P
and Z, or ribozyme-based systems that self-cleave from primary transcripts—both proven
highly efficient in diatoms [28,62]. Alternatively, CRISPR array systems exploit the native
multi-crRNA processing of Cas12a, where a single transcript with crRNAs separated by
direct repeats is cleaved into individual units [126]. Orthogonal Cas protein co-expression
employs distinct Cas proteins with cognate gRNAs from separate vectors/promoters to
target different loci simultaneously, minimizing cross-talk and enabling independent regu-
lation [127,128]. This multiplexing capability is indispensable for accelerating metabolic
reconstruction: it allows for knocking out competing pathways, stacking beneficial traits
(combining edits for growth, stress tolerance, and product accumulation in one transfor-
mation cycle), and dynamic pathway balancing via multiplexed CRISPRa/i to coordinate
enzyme expression levels (e.g., fine-tuning phytoene synthase, lycopene cyclase, and beta-
carotene hydroxylase genes to optimize astaxanthin flux) [129-131].

2.7. CRISPR Logic Gates and Biosensors: Enabling Smart Control

Integrating CRISPR components with biosensors creates sophisticated genetic circuits
for autonomous, dynamic regulation of algal metabolism in response to environmental or
metabolic cues—realizing the vision of “dynamic regulation across multi-gene circuits” for
industrial robustness.

2.7.1. CRISPR-Based Logic Gates

Engineered gRNAs or dCas regulators enable programmable genetic switches that
introduce Boolean logic into cellular control [132,133]. This programmability is achieved
through distinct mechanisms: gRNA switches incorporate regulatory elements like ri-
boswitches or protease cleavage sites directly within the gRNA scaffold; the presence of
the specific small molecule or protease then controls gRNA activity by inducing folding or
cleavage, rendering it active or inactive, respectively [134-136]. Beyond simple switches,
dCas-based systems can implement more complex logic, such as AND gates. These require
the co-localization of split activator fragments at a single target promoter, where each
fragment is fused to a different dCas protein (e.g., dCas9 and dCas12a) guided by distinct
gRNAs [136]. Crucially, the functional activator complex only forms, and thus expression
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is only driven, when both gRNAs are present and bind adjacent sites, ensuring activation
occurs solely under specific combinatorial conditions [137].

2.7.2. Biosensor-Integrated Control for Closed-Loop Regulation

Coupling endogenous algal sensors or synthetic sensors to CRISPR components en-
ables context-dependent metabolic control, creating a closed-loop system that optimizes
resource allocation and enhances robustness [138]. Nutrient-responsive control, achieved
by linking starvation-inducible promoters to CRISPR effectors like dCas9-VP64 or CRISPR;,
allows for targeted metabolic shifts [61,139]; for instance, activating lipid synthesis genes
under N-limitation in Nannochloropsis oceanica increased lipid titers by 25% compared to
constitutive overexpression [140,141]. This activation strategy also improved carbon parti-
tioning efficiency to lipids [142,143]. Simultaneously, metabolite-responsive control utilizes
synthetic biosensors to the trigger CRISPRi repression of competing pathways when pre-
cursor levels are high, e.g., malonyl-CoA biosensor-mediated repression in Chlamydomonas
reinhardtii, elevating triacylglycerol (TAG) accumulation by 30-50% without compromising
biomass yield [144-149]. Further precision is added through optogenetic control, where fus-
ing CRISPR activators/repressors to algal or fungal photoreceptors enables light-inducible
regulation [146]; specific wavelengths or pulses can activate pathways like carotenoid
biosynthesis (red light), boasting 2.1-fold higher 3-carotene yields [150-152], or repress oth-
ers like starch synthesis (blue light) with high temporal resolution, aligning production with
diurnal cycles or process demands [153]. This integrated approach minimizes metabolic
burden, prevents intermediate toxicity, and enhances product titers under fluctuating
industrial conditions, directly contributing to economic viability.

2.8. CRISPR-Enabled Directed Evolution: Accelerating Strain Optimization

CRISPR tools dramatically accelerate the traditionally “slow and often unpredictable”
pace of algal strain improvement by enabling high-throughput functional genomics and
directed evolution. Genome-wide or pathway-specific sgRNA libraries facilitate pooled
CRISPR interference (CRISPRi) and activation (CRISPRa) screens in algal populations trans-
formed with dCas9-effector fusions [154]. CRISPRi knockdown libraries identify essential
genes through growth defects or uncover negative regulators of desirable traits, such as
repression-enhancing lipid overproduction or stress tolerance, as demonstrated in C. rein-
hardtii screens, revealing novel regulators of photosynthesis and lipid metabolism [101,155].
Conversely, CRISPRa activation libraries uncover genes whose overexpression boosts per-
formance, like stress tolerance or pigment yield, by activating cryptic biosynthetic genes or
transporters to reveal novel pathways or bottlenecks [9]. Beyond screening, CRISPR is lever-
aged for targeted mutagenesis and directed evolution. Techniques include CRISPR-Cas9
Assisted Recombineering (CRASAR), which induces targeted double-strand breaks near a
gene concurrent with random mutagenesis, exploiting cellular repair to enrich mutations
at the specific locus [156]. Alternatively, dCas9 can be fused to hyperactive error-prone
DNA polymerases or cytidine deaminases to create localized hypermutation zones at target
genes, generating diverse allele libraries under selection for phenotypes like improved
enzyme kinetics [101]. Furthermore, CRISPRa-driven evolution uses dCas9-VPR to overex-
press mutagenic enzymes while simultaneously activating a target pathway, diversifying
key enzymes within the pathway under selection pressure to rapidly evolve optimized
variants [157].

These approaches enable a rapid evolution of algal strains with optimized enzyme
kinetics, enhanced pathway flux, or novel functions, bypassing the slow pace of natural
evolution and the low efficiency of traditional random mutagenesis. Integrating multi-
plexed editing, biosensors, and directed evolution creates a powerful, integrated pipeline
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for developing next-generation algal cell factories with the “industrial robustness” and
performance required for economic viability [57,158,159].

The CRISPR toolkit for microalgae has rapidly evolved from a simple DNA cleaver
into the sophisticated synthetic biology arsenal envisioned in the Introduction. The founda-
tional precision of engineered Cas variants, coupled with relentless innovations in delivery
and repair pathway manipulation, underpins the revolutionary advanced applications
now possible. CRISPRa/i provides a powerful lever for reversible, tunable transcriptional
control, ideal for dynamic pathway balancing and optimizing flux towards high-value
compounds. Epigenome editing opens the door to potentially stable, long-term reprogram-
ming of gene expression states by rewriting the chromatin landscape, offering solutions
to transgene silencing and enabling stable trait enhancement. Base editors, particularly
CBEs and ABEs, offer a remarkably efficient route for introducing precise point muta-
tions to optimize enzymes or create clean knockouts, effectively bypassing the notorious
HDR bottleneck in algae. Prime editors promise even greater versatility for diverse edits,
representing the pinnacle of DSB-free precision. Multiplexing strategies are essential for
rewiring complex metabolic networks by simultaneously targeting multiple genes, while
CRISPR logic gates and biosensors enable smart, autonomous control of metabolism in
response to environmental and metabolic cues. Finally, CRISPR-enabled directed evolution
dramatically accelerates the optimization of enzymes and pathways.

The strategic integration of these tools—using CRISPRI to silence competing path-
ways, base editing to optimize key enzyme kinetics, CRISPRa to boost flux through en-
gineered routes, multiplexing to coordinate these changes, epigenome editing for stable
enhancement, and biosensors for dynamic control—exemplifies the “Swiss Army Knife”
approach [101,160]. This multi-layered, programmable control is essential for tackling
the complex, interconnected challenges of next-generation microalgal metabolic engineer-
ing: achieving industrial-scale productivity, resilience against biotic and abiotic stresses,
and high titers of diverse valuable compounds as demanded for true economic viability
(Figure 1). While challenges in delivery efficiency, species-specific optimization, off-target
effects, and scalability remain active frontiers of research, the core CRISPR toolkit beyond
cutting has irrevocably transformed the prospects for microalgae as sustainable, high-
performance cellular factories. The ongoing refinement and creative deployment of these
tools will be central to unlocking their full potential for driving a circular bioeconomy
(Table 1).
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Table 1. CRISPR toolkit beyond cutting: core components for microalgal metabolic engineering.
Tool Category Core Mechanism Key Applications Key Advantages Main Limitations Ref.
. dCas9 fused to Dynamic pathway balancing Reversible/tunable Modest activation strength
CRISPRa/i activators/repressors Essential gene modulation No DNA changes Large fusion delivery [69,133,161,162]
. . . Limited algal characterization
. . dCas9 fused to epigenetic Stable trait enhancement Heritable reprogramming g
Epigenome Editing modifierlsa 8 Transgene desilencing Overcomes position effects ecf}flil;?:;z;m dependent [27,87,89,163-165]
Enzyme optimization D.SB—fr?fe. . PAM/window restrictions
Base Editors nCas9 fused to deaminase Clean knockouts High efficiency Bystander edits [166-172]
Bypasses HDR
) ) Diverse edits (indels, Broad editing scope Low efficiency
Prime Editors nCas9-RT + pegRNA substitutions) No donor DNA Complex pegRNA design [6,45,170-174]

Multiplexed Systems

CRISPR Biosensors/Logic Gates

tRNA-gRNA arrays;
Orthogonal Cas

gRNA switches; dCas-split
effectors

Coordinated pathway rewiring
Trait stacking

Nutrient-responsive induction
Precise temporal control

Simultaneous multi-gene
editing

Autonomous regulation
Minimizes metabolic burden

Cross-talk risk
Species-specific optimization

Few algal biosensors
Circuit tuning required

[90,175-181]

[69,159,182-188]
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3. Future-Oriented Applications: Integrated CRISPR Strategies for
Next-Generation Metabolic Engineering

The foundational CRISPR toolkit described above provides unprecedented precision
for addressing core challenges in microalgal biotechnology. Looking forward, this section
synthesizes prospective applications where integrated, multi-tool strategies could trans-
form metabolic engineering objectives: enhancing photosynthesis, optimizing high-value
compound production, and improving stress resilience in next-generation industrial set-
tings. Rather than reporting established implementations, we outline future pathways
for leveraging CRISPR’s synergistic potential to overcome persistent bottlenecks at the
commercial scale.

3.1. Future Photosynthesis Enhancement: Multi-Layered CRISPR Strategies

CRISPR technologies provide powerful, multi-layered strategies to enhance photosyn-
thetic efficiency and biomass accumulation, forming the foundation for economically viable
industrial cultivation [189-191]. For photosynthesis optimization, CRISPRi enables the
precise tuning of targeted gene expression, boosting photosystem repair components under
stress [30]. Base editing optimizes Carbon Concentrating Mechanisms (CCMs) by introduc-
ing point mutations into components like carbonic anhydrases and bicarbonate transporters
to enhance CO, affinity under varying industrial conditions, with multiplexed CRISPRi
repressing competing carbon sinks [192]. Further, CRISPRi knockdown of photorespiratory
enzymes minimizes carbon loss, CRISPRa enhances engineered photorespiration bypass
pathways, and base/prime editing fine-tunes key carbon flux enzymes (e.g., PEPC) to
favor biomass accumulation [101]. Base/prime editing can also be used to enhance pho-
toprotection by introducing mutations into NPQ-related proteins to alter kinetics, while
CRISPRa boosts genes for rapid NPQ recovery [193]. Beyond photosynthesis, CRISPR
enables multi-layered control over lipid metabolism for optimized biofuel production.
Multiplexed CRISPRi represses competing pathways, CRISPRa boosts key lipid synthesis
enzymes, and base editing optimizes enzyme kinetics or knocks out lipases degrading
TAG [194]. Base editing tailors’ fatty acid profiles by modifying thioesterases and de-
saturases, with CRISPRa/i fine-tuning their relative expression levels. Finally, CRISPR
biosensors and optogenetic systems enable dynamic, closed-loop control of lipid induction,
such as activating TAG synthesis only under nitrogen starvation or using specific light
wavelengths for precise timing within photobioreactors [158,159].

3.2. Next-Generation Lipid/Biofuel Optimization: Integrated Control Systems

CRISPR enables the multi-layered optimization of lipid and biofuel production
through precise control over the entire metabolic network [195]. Multiplexed CRISPR
strategies are essential for this, allowing for the simultaneous repression of competing
pathways like starch or glycogen synthesis via CRISPRi, while CRISPRa boosts key en-
zymes involved in fatty acid synthesis, triacylglycerol (TAG) assembly, and lipid droplet
stabilization [196]. Base editing could further optimize enzyme kinetics, such as reduc-
ing feedback inhibition in ACCase, or create clean knockouts of lipases to prevent TAG
degradation. Furthermore, CRISPR facilitates tailoring fatty acid profiles: base editing
modifies the substrate specificity and activity of thioesterases (TEs) and desaturases to
control chain length and unsaturation, while CRISPRa/i fine-tunes the relative expression
levels of TEs, desaturases, and elongases to achieve desired profiles like high oleic acid
or specific PUFAs. Critically, CRISPR biosensor-logic gates enable dynamic, closed-loop
induction under stress conditions. For instance, an N-starvation-inducible promoter driv-
ing dCas9-VP64 activates TAG synthesis and represses lipid catabolism genes specifically
under nitrogen limitation. Similarly, a malonyl-CoA biosensor activates elongases and
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represses competing pathways when precursor levels peak. Optogenetic CRISPR system:s,
using dCas9-effector-photoreceptor fusions and specific light wavelengths, provide precise
temporal control over lipid induction within photobioreactors.

3.3. Advanced Biosynthesis: Engineering High-Value Compound Pathways

CRISPR tools enable the overproduction of diverse high-value natural compounds and
the engineering of novel biosynthetic pathways [101]. For pigments like carotenoids and
phycobiliproteins, multiplexed CRISPRa coordinately upregulates pathway enzymes, while
CRISPRI represses competing pathways. Base editing could be used to remove feedback
inhibition sites or optimize enzyme kinetics, and epigenetic editing stabilizes the expression
of heterologous bilin pathways. In polyunsaturated fatty acid (PUFA) biosynthesis, base
editing can enhance the activity, specificity, and stability of elongases (ELOVL) and desat-
urases (FAD), CRISPRa boosts rate-limiting enzymes (e.g., A6-desaturase), and multiplexed
CRISPRi represses competing fatty acid utilization pathways (e.g., 3-oxidation) [197]. For
valuable proteins and peptides, CRISPRa significantly enhances endogenous protein ex-
pression, while prime editing (PE) enables the scarless integration of large heterologous
expression cassettes into genomic safe harbors, complemented by epigenome editing to
maintain an open chromatin state for stable, high-level expression [6,9]. Similarly, in ter-
penoid, vitamin, and antioxidant production, CRISPRi knocks down competing pathways,
CRISPRa activates rate-limiting steps, and base editing optimizes key enzymes [9]. Engi-
neering novel pathways further leverages multiplexed PE for precise heterologous gene
integration and CRISPRa for coordinated expression (Figure 1).

3.4. Prospective Stress Resilience Engineering

CRISPR technologies enhance microbial stress tolerance and robustness for industrial
cultivation through multiple approaches [28,90]. For specific stress resistance, CRISPR
activation boosts protective gene expression—such as antioxidant enzymes against ox-
idative stress, heat shock proteins for heat stress, and ion transporters/compatible solute
synthases for salt stress—while base editing generates hyperactive alleles or removes reg-
ulatory constraints [198-200]. Additionally, cell wall and membrane composition can be
optimized using CRISPR interference (CRISPRi) or base editing to knockout rigid cell wall
synthesis genes, facilitating downstream extraction, or through CRISPRa/base editing
to enhance desaturase expression for increased membrane unsaturation and cold toler-
ance; engineering novel polymers may further improve shear resistance [201]. Beyond
targeted edits, CRISPR-enabled screening accelerates tolerance engineering: genome-wide
CRISPRi/CRISPRa knockout/activation libraries enable functional genomics under stress,
identifying negative regulators to knockdown or protective genes to overexpress. Further-
more, targeted dCas9-mutagenesis tools expedite the directed evolution of stress-resistant
variants [202].

3.5. Future Carbon Utilization Strategies

Optimizing carbon capture and utilization requires maximizing carbon fixation and di-
recting metabolic flux for enhanced sustainability and productivity. Enhancing CO, fixation
efficiency is achieved through techniques like base editing to introduce beneficial mutations
into Rubisco, CRISPRa to boost Rubisco activase or CCM components, and epigenome editing
to potentially unlock higher endogenous Rubisco expression [15,203,204]. Furthermore,
directing carbon flux involves multiplexed CRISPRi to repress major competing carbon
sinks and CRISPRa to enhance flux into desired target pathways; CRISPR-based logic
gates offer dynamic control, rerouting carbon based on cellular status [101]. Additionally,
broadening the utilization of alternative carbon sources is engineered using base or prime
editing to broaden the substrate specificity of transporters or catabolic enzymes, employing
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CRISPRa to boost the expression of endogenous transporters and enzymes, and utilizing
prime editing for the precise integration and expression of heterologous pathways, such as
those enabling fungal xylose utilization [205-207] (Figure 1).

3.6. Forward-Looking Industrial Strain Design

The integrated CRISPR toolkit enables the comprehensive engineering of industrial
algal strains for lipid biofuel production by strategically combining diverse functionalities.
CRISPRi, implemented through multiplexed tRNA-gRNA arrays, can be used to simultane-
ously silence competing pathways including starch synthesis genes, 3-glucan synthesis,
and key lipases [66,208,209]. Base editing can be used to optimize the expression of criti-
cal enzymes like ACCase, reducing feedback inhibition via specific point mutations, and
improves the kinetics/profile of a key desaturase [196,210,211]. CRISPRa is dynamically
controlled, utilizing an N-starvation-inducible promoter; this activates lipid assembly genes
and represses [3-oxidation genes specifically under nitrogen limitation, with precursor avail-
ability further fine-tuned by a malonyl-CoA biosensor [212]. Epigenome editing targets
the promoters of engineered lipid synthesis genes to maintain an open chromatin state,
ensuring stable, high-level expression across generations and preventing silencing [6,213].
Prime editing (PE) precisely integrates a construct for a high-efficiency Rubisco variant,
including its promoter, ORF, and terminator, into a genomic safe harbor locus to avoid
positional effects [6,214]. Finally, CRISPRa boosts the expression of a small heat shock
protein to confer enhanced thermotolerance crucial for outdoor cultivation [215].

This prospective multi-layered intervention exemplifies future workflows moving
beyond simple gene knockouts. When fully realized, CRISPR-driven synthetic biology
unlocks the potential to create microalgal cell factories with the unprecedented produc-
tivity, resilience, and product specificity demanded for a sustainable circular bioeconomy
(Figure 1). While challenges in delivery efficiency, species-specific tool optimization, off-
target effects, and scalability remain active frontiers, the integrated toolkit outlined here
provides a clear and powerful roadmap for realizing the full potential of next-generation
microalgal metabolic engineering (Table 2).

Table 2. Potential applications of the CRISPR toolkit in next-generation microalgal metabolic
engineering.

Engineering Goal

Potential CRISPR Tool(s)

Strategy Key Outcomes Ref.

Applied
- Tune LHC genes
(reduce antenna size). Im d ph ion-
. . " o ! proved photon penetration;
Enhanced I;}i‘grtr‘f:g’sntheS‘s and CRISP&;EP?Z;?‘“% + - Optimize CCMs via 10% 4 CO; fixation; reduced [28,101,156,216-218]
p 8 }I){omt mutations. carbon loss.
- epress
photorespiration.
- Silence starch o )
Multiplexed CRISPRi + synthesis. >25% lipid yield 1 in
Lipid/Biofuel Optimization CRISPRa + Base editing + - Engineer thioesterases N“””"Chl"lr. i dﬁ’?am‘? dﬂux [160,204,219-223]
Biosensors for tailored FAs. control; high-oleic aci
- N-starvation-inducible profiles.

lipid induction.
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Table 2. Cont.

Potential CRISPR Tool(s)

Engineering Goal Applied Strategy Key Outcomes Ref.
Activate carotenoid
pathway (PSY, LCYB); Stabl hin gl
High-Value Compound CRISPRa + Base editing + repress chlorophyll. table astaxanthin flux;
& Synthesis P Epigenome edifing + I§E Optimize desaturases enhanced EPA /DHA; scarless [6,9,101,188,197,224-226]

Stress Resilience

CRISPRa + Base editing +
Screening

(PUFAs).
Integrate heterologous
pathways (PE).

Overexpress
HSPs/antioxidants.
Engineer membrane
desaturases (cold
tolerance).
Genome-wide CRISPRi
screens for stress
regulators.

protein expression.

Improved thermotolerance;
reduced ROS; identification of
novel resilience genes.

[62,198,227-232]

Carbon Capture and
Utilization

Integrated Industrial Strain

Base editing + Multiplexed
CRISPRi + Logic gates

All tools (epigenome + PE +
CRISPRa/i + Base editing)

Engineer Rubisco.
Repress TCA cycle;
activate lipid synthesis
under N-limitation.
Integrate xylose
utilization pathways.

Example: dCas9-p300
stabilizes lipid genes;
PE integrates Rubisco;

Improved carbon flux to
products; broadened substrate
utilization.

Multi-trait industrial strain:
high lipid yield, stable
expression, stress resilience.

[9,101,180,193,215,233-235]

[28,30,57,122,193,228,236-239]

sHSP 1
thermotolerance.

4. Challenges, Limitations, and Future Perspectives

The transformative potential of CRISPR-driven synthetic biology for microalgal
metabolic engineering, moving decisively beyond simple DNA cutting, is undeniable.
As detailed in previous sections, tools like CRISPRa/i, base/prime editing, epigenome en-
gineering, multiplexed systems, and biosensor-integrated logic gates offer unprecedented
capabilities to engineer industrial-grade strains with enhanced productivity, resilience, and
tailored product profiles. However, significant hurdles remain to fully unlock this poten-
tial and translate laboratory successes into robust, economically viable biomanufacturing
platforms. This section critically examines the persistent challenges, outlines strategies
for toolkit refinement, and explores future directions essential for realizing the vision of
microalgae as cornerstones of a sustainable circular bioeconomy.

4.1. Microalgae-Specific Challenges

The inherent biological diversity and complexity of microalgae present unique ob-
stacles that demand species-specific solutions, directly impacting the deployment of the
CRISPR toolkit.

4.1.1. Genetic Diversity and Tool Compatibility

Microalgae encompass vast phylogenetic diversity (green algae, diatoms, eustigmato-
phytes, red algae, etc.), leading to profound differences in genome architecture, chromatin
organization, DNA repair machinery, and cellular physiology. As highlighted before, the
efficiency and specificity of CRISPR components (Cas variants, gRNAs) vary dramatically
between species [240,241]. For instance, while Chlamydomonas reinhardtii has become a
model, industrially relevant strains like Nannochloropsis spp., Phaeodactylum tricornutum,
Haematococcus pluvialis, or Chlorella spp. exhibit distinct Cas protein preferences (e.g.,
Cas12a often outperforms Cas9 in diatoms), PAM requirements, and tolerance to foreign
DNA /RNP delivery [28]. Endogenous repair pathways, particularly the notoriously ineffi-
cient Homology-Directed Repair (HDR) crucial for precise knock-ins and a major bottleneck,
differ significantly [9,242]. This necessitates laborious empirical optimization of Cas or-
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thologs, codon usage, promoters (viral, endogenous strong/inducible), and repair pathway
manipulation strategies for each target species, hindering rapid tool transfer [243].

Concrete differences in CRISPR tool performance emerge across microalgae species.
While SpCas9 remains standard in C. reinhardtii, Cas12a variants consistently achieve
higher editing efficiency in diatoms (P. tricornutum) and eustigmatophytes. HDR efficiency
is generally very low (<1%) in most microalgae but varies by species; rates in C. rein-
hardtii can be boosted to ~5-10% using NHE] inhibition and cell cycle synchronization,
whereas N. gaditana or P. tricornutum often persist < 1%, necessitating alternative strategies
like NHE]J-mediated integration or prime editing [7,244]. For transcriptional activation,
dCas9-VP64 functions well in C. reinhardtii, but achieving strong, consistent activation in H.
pluvialis or N. oceanica is more challenging, typically requiring more potent multi-domain
activators like VPR or SAM; however, their effective application requires species-specific
validation [45,181]. Furthermore, the burden of tool optimization is evident in promoter
choice: viral promoters (e.g., SV40, CMV) work in some Chlamydomonas strains but often
fail in diatoms or Nannochloropsis, demanding extensive screening of endogenous promot-
ers such as PtUbiquitin in P. tricornutum or NoActin in N. oceanica (Table 3) [37,245,246].
Table 3 highlights the significant variability in baseline tool performance and requirements.
Overcoming these species-specific hurdles requires dedicated optimization efforts for each
chassis, moving beyond protocols established solely in C. reinhardtii.

Table 3. Comparative performance and requirements of core CRISPR tools across model and repre-
sentative non-model microalgae.

. - Major
Species Model Status PrefeFred Cas TyPlFal Editing HDR Efficiency Species-Specific Ref.
Variant(s) Efficiency (KO)
Challenges
Chlamydomonas Low HDR, silencing,
reinhardtii (Green Model SpCas9, FnCas12a Modega;g;/ngh Low (1-5%) needdfo; C.ell [62,247-249]
Alga) (10-50%) wall-deficient
strains
Nannochloropsis s Very low HDR, rigid
) PSLS Spp- Non-model FnCas12a, LbCas12a High (20-80%) Very Low (<1%) cell wall, silencing, [219,245,250-253]
(Eustigmatophyte) e
PEG sensitivity
Phaeodactylum Very low HDR,
tricornutum Non-model FnCasl12a, LbCas12a High (30-70%) Very Low (<1%) silica cell wall, [62,88,250,254-258]
(Diatom) epigenetic silencing
Extremely thick cell
wall, low
Haematococcus transformation
pluvialis (Green Non-model SpCas9 (optimized) =~ Moderate (reported) Very Low (<1%) efficiency, [28,259-264]
Alga) astaxanthin
interference

4.1.2. The Formidable Cell Wall Barrier

Efficient intracellular delivery of CRISPR components remains arguably the single
most significant bottleneck. Microalgae possess diverse, often recalcitrant, cell wall compo-
sitions and polysaccharide capsules, forming a robust “algal fortress” [17,265]. Physical
methods are species-agnostic but suffer from low efficiency, high cell death, and multi-
copy integration causing silencing. Chemical methods and biological vectors require
extensive customization. While innovations like cell wall-weakening enzymes, advanced
nanocarriers, and optimized RNP protocols show promise, a universally efficient, low-
toxicity, high-throughput delivery method suitable for diverse industrially relevant algae is
still lacking.

4.1.3. Transformation and Screening Inefficiency

Low transformation frequencies, even in model species, coupled with the lack of
efficient, scalable screening methods, severely limit throughput. Reliance on antibi-
otic/herbicide resistance markers is unsustainable for multiplexed engineering and raises
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regulatory concerns [28,29]. Developing robust, versatile selection markers or, ideally,
efficient marker-free strategies is crucial. High-throughput phenotyping platforms for traits
like lipid content, pigment yield, or stress resilience are also needed to match the potential
of multiplexed CRISPR libraries [160,266].

4.1.4. Endogenous CRISPR System Interference

Some microalgae possess native CRISPR-Cas systems. The interaction between en-
dogenous systems and introduced CRISPR tools is poorly understood but could potentially
lead to self-targeting, reduced efficiency, or unexpected immune responses. Characterizing
native systems and designing exogenous tools to avoid cross-reactivity is an emerging
consideration [8,210].

4.1.5. Inadequate Chassis Knowledge

Despite progress, the genomic, transcriptomic, proteomic, and metabolic annotation
of many non-model, industrially promising microalgae remains incomplete. Gaps in un-
derstanding essential genes, regulatory networks, metabolic flux distributions, and stress
response pathways impede rational target selection for CRISPR interventions. Genome-
scale metabolic modeling (GMM) offers a powerful computational framework to accelerate
chassis characterization. By integrating multi-omics data with constraint-based reconstruc-
tion (e.g., GSM for Nannochloropsis), GMM can predict the following [267,268]: (1) essen-
tial/redundant genes for knockout prioritization [269], (2) metabolic flux bottlenecks for
CRISPRa/i targeting [79,268], and (3) systemic impacts of pathway engineering prior to
experimental validation [270,271]. The comprehensive multi-omics characterization of key
algal chassis is enhanced by GMM-guided hypothesis generation and remains fundamental
for effective CRISPR-based design [28,272,273].

4.2. Toolkit Refinement

While the core CRISPR toolbox is established, continuous innovation is needed to
enhance its precision, power, versatility, and applicability for the complex demands of algal
metabolic engineering.

4.2.1. Enhancing Efficiency, Precision, and Specificity

Advancing CRISPR technologies in algae necessitates multifaceted progress across
core components. First, engineering novel Cas variants is vital for broader targeting and
easier delivery, particularly in species with compact genomes or rigid cell walls; this
includes developing smaller proteins with flexible PAM requirements and systematically
evaluating high-fidelity variants to minimize off-target effects across diverse algae [6,28].
Additionally, gRNA design optimization requires improved computational algorithms
trained on algae-specific data to accurately predict on-target efficiency and reduce off-
target activity, incorporating critical factors like species-specific chromatin accessibility
and DNA sequence context [9]. Ultimately, mastering endogenous repair pathways—
including NHE], MME], and HDR—remains critical. This involves developing more
effective and less toxic NHE] inhibitors, refining cell cycle synchronization strategies
to favor HDR, optimizing donor DNA designs for enhanced knock-in efficiency, and
exploring transformative approaches like alternative repair pathways or synthetic repair
machineries [274].

4.2.2. Expanding the Editing Repertoire

Significant advancements are essential across multiple fronts to fully realize CRISPR’s
potential for algal engineering. Enhancing CRISPR activation (CRISPRa) and interference
(CRISPRI) systems is critical, as current algal CRISPRa often suffers from modest activation
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levels—typically achieving only 2-5-fold induction in model systems like Chlamydomonas
reinhardtii and rarely exceeding 10-fold even with multi-effector arrays (VPR/SAM) in
industrially relevant Nannochloropsis spp., substantially lower than the 50-100-fold com-
mon in mammalian or bacterial systems [6,124,275,276]. This necessitates developing more
potent synthetic effector domains, optimized multi-effector arrays beyond existing systems
like VPR/SAM, robust inducible systems with tighter control and wider dynamic range,
and similarly more potent and specific CRISPRi repressors [277]. Optimizing base and
prime editing is equally vital, involving the adaptation of next-generation base editors with
narrowed editing windows, reduced bystander edits, expanded PAM compatibility (e.g.,
Cas12-based BEs), and improved heterochromatin efficiency. For prime editing (PE), key
challenges include boosting its typically lower efficiency relative to base editors, optimizing
pegRNA design, enhancing reverse transcriptase processivity, developing efficient delivery
strategies for the large PE fusion protein (~6.3 kb), and demonstrating robust PE for larger
insertions/deletions and complex edits in diverse algae [46,278]. Exploring new CRISPR-
derived tools, such as CRISPR-based RNA editing, CRISPR-associated transposases (CAST)
for targeted large insertions, or CRISPR-guided recombinases, holds future promise for
alternative pathway integration and regulation strategies. Improving tunability and orthog-
onality is fundamental for engineering complex metabolic pathways, demanding precise,
dynamic, and independent control over multiple genes; this necessitates enhancing orthog-
onality and developing more sophisticated tunable systems to achieve finer spatiotemporal
resolution and minimize cross-talk in multiplexed circuits [197,272]. Finally, mitigating
off-target effects remains an ongoing priority, requiring comprehensive off-target assess-
ment in algae using adapted methods like CIRCLE-seq or GUIDE-seq, integrating findings
into gRNA design algorithms, employing strategies to suppress residual activity, and
monitoring potential RNA off-target effects from deaminase domains in base editors [279]
(Figure 1).

4.3. System Integration and Automation

Bridging CRISPR engineering with advanced computational and robotic platforms
is essential for accelerating strain development. Deep integration of CRISPR tools with
multi-omics enables rational design by identifying key regulatory nodes, rate-limiting
steps, and novel gene functions through CRISPRi/a screening [280]. This omics-guided
approach optimizes target selection and predicts the systemic impacts of interventions.
Machine learning (ML) and artificial intelligence (Al) further revolutionize the process by
predicting optimal gRNAs, pegRNAs, and CRISPRa/i targets; designing and optimizing
de novo pathways and enzyme expression; modeling Cas variant performance; and linking
genotypes to complex phenotypes [281,282]. To scale these capabilities, automated high-
throughput platforms are indispensable: robotic systems automate DNA /RNP assembly,
delivery, and transformation, while integrated screening platforms enable rapid, label-
free phenotyping of thousands of clones [283,284]. Together, this synergy of multi-omics,
ML/ AI and automation empowers CRISPR-enabled directed evolution (CRASAR, dCas9-
mutagenesis) and functional genomics at scale, streamlining development from design
to deployment.

4.4. Scaling up Applications and Industrial Considerations

Achieving marker-free, scarless editing (prime editing is particularly promising) is
essential for regulatory simplicity and enabling sequential engineering. Navigating reg-
ulatory frameworks requires distinguishing between gene-edited and transgenic strains,
conducting transparent science-based risk assessments, and proactive engagement with reg-
ulators to establish clear guidelines [285]. Finally, demonstrating economic viability through
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rigorous techno-economic analysis (TEA) to justify development costs via productivity
gains, alongside comprehensive life cycle assessments (LCAs) validating environmental
benefits, is crucial for commercialization and solidifying sustainability credentials [286,287].

4.5. Ethical and Biosafety Considerations

The responsible application of CRISPR technology, especially concerning environmen-
tal release, necessitates addressing significant concerns through rigorous Environmental
Risk Assessment (ERA) and robust mitigation strategies [288]. A primary ERA focus is the
potential impact of engineered algae escape cultivation, particularly the risk of engineered
traits spreading to wild populations or other organisms via Horizontal Gene Transfer
(HGT); although microalgae HGT rates are generally low, this requires rigorous assessment
due to potential ecosystem disruption [289]. Furthermore, escaped algae could outcompete
native species, alter nutrient cycles, or produce harmful compounds, making understand-
ing the fitness cost of engineered traits in natural environments essential. Mitigating these
escape risks is paramount and relies on multi-layered biocontainment: robust physical
containment [290]; biological containment strategies such as engineering auxotrophies (de-
pendence on supplied nutrients absent in nature) and inducible lethal genes (“kill switches”
activated by environmental cues like the absence of an inducer) [290,291]; genetic use re-
striction technologies (GURTS) to prevent reproduction/persistence outside controlled con-
ditions, noting that CRISPR itself can engineer sophisticated containment circuits [292]; and
genetic isolation by minimizing pathogen-derived genes or antibiotic resistance markers
while utilizing species with limited survival/hybridization potential locally [290,293,294].
Beyond biocontainment, commercializing CRISPR-engineered microalgae faces complex,
fragmented regulatory landscapes that vary significantly by application and jurisdiction.
For food and feed applications, products from edited strains often face classification as
“Novel Foods” or “Bioengineered Foods”, requiring extensive safety dossiers including
compositional, toxicological, and allergenicity assessments; engineered metabolic pathways
invite additional scrutiny for unintended compounds. Furthermore, regions like the EU
mandate GMO labeling regardless of detectability [295]. Environmental applications, such
as open-pond cultivation, fall under stringent release frameworks, demanding exhaustive
environmental risk assessments of invasiveness and gene flow [295,296]. Regulatory classi-
fication uncertainty persists: for example, the EU may classify transgene-free edited algae
as GMOs, while the US employs a product-based approach [21,297]. Cross-jurisdictional
challenges include divergent definitions of “genome-edited organism” across major mar-
kets, complicating global development. Additionally, technical difficulties in detecting
small edits within complex algal matrices hinder traceability enforcement [298,299]. Navi-
gating these hurdles requires proactive regulatory engagement during R&D, incorporating
“biosafety by design” principles, and establishing open-access safety databases to reduce
redundant testing [300,301]. Finally, Responsible Research and Innovation (RRI) underpins
this effort, requiring proactive stakeholder engagement (public, policymakers, industry) in
goals, benefits, and risks, coupled with research transparency, strict biosafety protocol ad-
herence, and the development of ethical guidelines specific to algal biotechnology to foster
public trust and ensure societal benefit. Continuous monitoring and adaptive management
are crucial as the field advances (Figure 1).

4.6. Towards a CRISPR-Engineered Algal Future

The journey “beyond cutting” has equipped metabolic engineers with a remarkably
versatile CRISPR synthetic biology toolkit, capable of precise genome rewriting, dynamic
transcriptional control, epigenetic reprogramming, and sophisticated circuit engineering in
microalgae. While significant microalgae-specific challenges—particularly genetic diversity,
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cell wall barriers, delivery efficiency, and incomplete chassis knowledge—hinder universal
application, relentless innovation in Cas engineering, delivery methods, repair manipula-
tion, and tool optimization is rapidly narrowing these gaps. The future lies in the intelligent
integration of these refined tools with multi-omics insights, ML/ Al-driven design, and
automated high-throughput platforms, enabling the rational construction of algal cell
factories with unprecedented capabilities. Expanding applications to diverse, industrially
relevant species, ensuring genetic stability and scalability, navigating evolving regulations,
and rigorously addressing economic viability and environmental biosafety through ERA
and biocontainment are critical steps for translation. By embracing Responsible Research
and Innovation, the field can harness the full power of CRISPR-driven synthetic biology to
propel microalgae beyond their current limitations, realizing their immense potential as
sustainable, programmable, and economically viable platforms for next-generation bioman-
ufacturing within a circular bioeconomy (Figure 1). The path forward demands continued
interdisciplinary collaboration, focusing on overcoming the outlined challenges to unlock
the true industrial potential of these photosynthetic powerhouses.

5. Conclusions

CRISPR technology has evolved into a multifaceted synthetic biology toolkit that
transcends its original role as a programmable DNA-cutting instrument. This transfor-
mation empowers metabolic engineers to overcome longstanding barriers in microalgal
engineering through key advancements. Precision transcriptional control (CRISPRa/1)
enables tunable gene activation or repression for dynamic pathway optimization, exempli-
fied by boosted lipid yields via carbon sink repression. Beyond transcriptional regulation,
epigenome engineering rewrites epigenetic marks to combat transgene silencing and stabi-
lize trait expression in industrial strains. DSB-free precision editing tools—including base
and prime editors—achieve targeted nucleotide changes, insertions, or deletions without
double-strand breaks, facilitating enzyme optimization and herbicide resistance. Multi-
plexed genome engineering further extends its capabilities, allowing the simultaneous
rewiring of metabolic networks through knockout of competing pathways and trait stacking.
CRISPR biosensors and logic gates introduce autonomous, dynamic control of metabolism
in response to environmental cues (e.g., nutrient-responsive lipid synthesis), while CRISPR-
enabled directed evolution accelerates strain optimization via high-throughput screening
and targeted mutagenesis.

The integrated CRISPR toolkit—transcending its origins as molecular “scissors”—
now provides the precision, programmability, and versatility essential for engineering
microalgae into next-generation biomanufacturing platforms. By enabling the predictable
redesign of photosynthesis, carbon flux, stress resilience, and product specificity, CRISPR-
driven synthetic biology unlocks the path toward economically viable, sustainable algal cell
factories capable of supporting a circular bioeconomy. Realizing this potential demands
continued interdisciplinary collaboration to overcome existing barriers, refine tool efficacy,
and demonstrate scalable industrial applications.

Author Contributions: Writing—Original Draft Preparation, L.Y.; Writing—Review and Editing, Q.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Basic Research Program Natural Science Foundation of
Jiangsu Province (BK20230665).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Int. J. Mol. Sci. 2025, 26, 7470 23 of 34

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sarker, N.K.; Kaparaju, P. Microalgal Bioeconomy: A Green Economy Approach Towards Achieving Sustainable Development
Goals. Sustainability 2024, 16, 11218. [CrossRef]

2. Yadav, D.K;; Singh, A,; Agrawal, V.; Yadav, N. Algal Biomass: A Natural Resource of High-Value Biomolecules. In Bioprospecting
of Plant Biodiversity for Industrial Molecules; Wiley: New York, NY, USA, 2021; pp. 303-334.

3.  Santin, A.; Russo, M.T.; Ferrante, M.I.; Balzano, S.; Orefice, I.; Sardo, A. Highly valuable polyunsaturated fatty acids from
microalgae: Strategies to improve their yields and their potential exploitation in aquaculture. Molecules 2021, 26, 7697. [CrossRef]

4. Juneja, C,; Itankar, R.; Pal, S. Biotechnological Techniques for Recovery of Renewable Resources From Municipal Wastewater and
Value-Added Products Development. In Biotechnological Applications in Industrial Waste Valorization; Springer: Berlin/Heidelberg,
Germany, 2025; pp. 271-321.

5. Gurreri, L.; Rindina, M.C.; Luciano, A.; Lima, S.; Scargiali, F.; Fino, D.; Mancini, G. Environmental sustainability of microalgae-
based production systems: Roadmap and challenges towards the industrial implementation. Sustain. Chem. Pharm. 2023,
35,101191. [CrossRef]

6.  Sproles, A.E.; Fields, F].; Smalley, T.N.; Le, C.H.; Badary, A.; Mayfield, S.P. Recent advancements in the genetic engineering of
microalgae. Algal Res. 2021, 53, 102158. [CrossRef]

7. Naduthodi, M.I.S.; Mohanraju, P.; Stidfeld, C.; D’Adamo, S.; Barbosa, M.].; Van Der Oost, J. CRISPR—Cas ribonucleoprotein
mediated homology-directed repair for efficient targeted genome editing in microalgae Nannochloropsis oceanica IMET1. Biotechnol.
Biofuels 2019, 12, 66. [CrossRef]

8. Feng, S.; Xie, X,; Liu, J.; Li, A.; Wang, Q.; Guo, D.; Li, S.; Li, Y.; Wang, Z.; Guo, T. A potential paradigm in CRISPR/Cas systems
delivery: At the crossroad of microalgal gene editing and algal-mediated nanoparticles. J. Nanobiotechnol. 2023, 21, 370. [CrossRef]

9.  Ambily, B.,; Limna Mol, V.; Sini, H.; Nevin, K. CRISPR-based microalgal genome editing and the potential for sustainable
aquaculture: A comprehensive review. J. Appl. Phycol. 2025, 37, 265-285. [CrossRef]

10.  Shin, S.-E.; Lim, J.-M.; Koh, H.G; Kim, E.K.; Kang, N.K,; Jeon, S.; Kwon, S.; Shin, W.-S.; Lee, B.; Hwangbo, K. CRISPR/Cas9-
induced knockout and knock-in mutations in Chlamydomonas reinhardtii. Sci. Rep. 2016, 6, 27810. [CrossRef] [PubMed]

11.  Rau, E.-M,; Ertesvag, H. Method development progress in genetic engineering of thraustochytrids. Mar. Drugs 2021, 19, 515.
[CrossRef] [PubMed]

12.  Cooper, R.M.; Hasty, ]. Multiplexing with CRISPR-Cas Arrays; Elsevier: Amsterdam, The Netherlands, 2022.

13. Saber Sichani, A.; Ranjbar, M.; Baneshi, M.; Torabi Zadeh, F,; Fallahi, J. A review on advanced CRISPR-based genome-editing
tools: Base editing and prime editing. Mol. Biotechnol. 2023, 65, 849-860. [CrossRef]

14. Trosset, J.-Y.; Carbonell, P. Synthetic biology for pharmaceutical drug discovery. Drug Des. Dev. Ther. 2015, 6285-6302. [CrossRef]

15. Arshad, S.; Qadir, M.L.; Hussain, N.; Ali, Q.; Han, S.; Ali, D. Advances in CRISPR/Cas9 technology: Shaping the future of
photosynthetic microorganisms for biofuel production. Funct. Plant Biol. 2025, 52, FP24255. [CrossRef]

16. Gale, G.A.; Schiavon Osorio, A.A.; Mills, L.A.; Wang, B.; Lea-Smith, D.J.; McCormick, A.]. Emerging species and genome editing
tools: Future prospects in cyanobacterial synthetic biology. Microorganisms 2019, 7, 409. [CrossRef] [PubMed]

17. Gutiérrez, S.; Lauersen, K.J. Gene delivery technologies with applications in microalgal genetic engineering. Biology 2021, 10, 265.
[CrossRef]

18. Uranga, M.; Daros, J.A. Tools and targets: The dual role of plant viruses in CRISPR—Cas genome editing. Plant Genome 2023,
16, €20220. [CrossRef] [PubMed]

19. Asmamaw Mengstie, M.; Teshome Azezew, M.; Asmamaw Dejenie, T.; Teshome, A.A.; Tadele Admasu, E,; Behaile Teklemariam,
A.; Tilahun Mulu, A.; Mekonnen Agidew, M.; Adugna, D.G.; Geremew, H. Recent advancements in reducing the off-target effect
of CRISPR-Cas9 genome editing. Biol. Targets Ther. 2024, 21-28. [CrossRef] [PubMed]

20. Ghribi, M.; Nouemssi, S.B.; Meddeb-Mouelhi, F.; Desgagné-Penix, I. Genome editing by CRISPR-Cas: A game change in the
genetic manipulation of Chlamydomonas. Life 2020, 10, 295. [CrossRef]

21. Spicer, A.; Molnar, A. Gene editing of microalgae: Scientific progress and regulatory challenges in Europe. Biology 2018, 7, 21.
[CrossRef]

22. Munawar, N.; Ahmad, A. CRISPR/Cas system: An introduction. In CRISPR Crops: The Future of Food Security; Springer:
Berlin/Heidelberg, Germany, 2021; pp. 1-35.

23. Hsieh-Feng, V,; Yang, Y. Efficient expression of multiple guide RNAs for CRISPR/Cas genome editing. Abiotech 2020, 1, 123-134.
[CrossRef]

24.  Allshire, R.C.; Madhani, H.D. Ten principles of heterochromatin formation and function. Nat. Rev. Mol. Cell Biol. 2018, 19, 229-244.
[CrossRef]

25.  Morrison, O.; Thakur, J. Molecular complexes at euchromatin, heterochromatin and centromeric chromatin. Int. J. Mol. Sci. 2021,

22,6922. [CrossRef]


https://doi.org/10.3390/su162411218
https://doi.org/10.3390/molecules26247697
https://doi.org/10.1016/j.scp.2023.101191
https://doi.org/10.1016/j.algal.2020.102158
https://doi.org/10.1186/s13068-019-1401-3
https://doi.org/10.1186/s12951-023-02139-z
https://doi.org/10.1007/s10811-024-03376-x
https://doi.org/10.1038/srep27810
https://www.ncbi.nlm.nih.gov/pubmed/27291619
https://doi.org/10.3390/md19090515
https://www.ncbi.nlm.nih.gov/pubmed/34564177
https://doi.org/10.1007/s12033-022-00639-1
https://doi.org/10.2147/DDDT.S58049
https://doi.org/10.1071/FP24255
https://doi.org/10.3390/microorganisms7100409
https://www.ncbi.nlm.nih.gov/pubmed/31569579
https://doi.org/10.3390/biology10040265
https://doi.org/10.1002/tpg2.20220
https://www.ncbi.nlm.nih.gov/pubmed/35698891
https://doi.org/10.2147/BTT.S429411
https://www.ncbi.nlm.nih.gov/pubmed/38260716
https://doi.org/10.3390/life10110295
https://doi.org/10.3390/biology7010021
https://doi.org/10.1007/s42994-019-00014-w
https://doi.org/10.1038/nrm.2017.119
https://doi.org/10.3390/ijms22136922

Int. J. Mol. Sci. 2025, 26, 7470 24 of 34

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Russell, J.J.; Theriot, J.A.; Sood, P.; Marshall, WE; Landweber, L.E; Fritz-Laylin, L.; Polka, J.K.; Oliferenko, S.; Gerbich, T.;
Gladfelter, A. Non-model model organisms. BMC Biol. 2017, 15, 55. [CrossRef]

Mosey, M.; Douchi, D.; Knoshaug, E.P.; Laurens, L.M. Methodological review of genetic engineering approaches for non-model
algae. Algal Res. 2021, 54, 102221. [CrossRef]

Kumar, G.; Shekh, A.; Jakhu, S.; Sharma, Y.; Kapoor, R.; Sharma, T.R. Bioengineering of microalgae: Recent advances, perspectives,
and regulatory challenges for industrial application. Front. Bioeng. Biotechnol. 2020, 8, 914. [CrossRef] [PubMed]

Patel, VK.; Das, A.; Kumari, R.; Kajla, S. Recent progress and challenges in CRISPR-Cas9 engineered algae and cyanobacteria.
Algal Res. 2023, 71, 103068. [CrossRef]

Patel, VK.; Soni, N.; Prasad, V.; Sapre, A.; Dasgupta, S.; Bhadra, B. CRISPR-Cas9 system for genome engineering of photosynthetic
microalgae. Mol. Biotechnol. 2019, 61, 541-561. [CrossRef]

Costelli, C. Genetic and Phylogenetic Characterization of Microalgae Strains in View of Their Exploitation for CO, Capture and
Biofuel Production. Ph.D. Thesis, Universita degli Studi di Cagliar, Cagliari, Italy, 2015.

Steadman, C.; Small, E.; Banerjee, S.; Twary, S. Best practices for methylome characterization in novel species: A case study in the
microalgae Nannochloropsis. Commun. Biol. 2025, 8, 648. [CrossRef]

Casabianca, S.; Cornetti, L.; Capellacci, S.; Vernesi, C.; Penna, A. Genome complexity of harmful microalgae. Harmful Algae 2017,
63,7-12. [CrossRef]

Noel, E.A. Characterization of Novel Chlorovirus Glycosyltransferases that Synthesize Atypical Glycans; The University of Nebraska-
Lincoln: Lincoln, NE, USA, 2021.

Doron, L.; Segal, N.A.; Shapira, M. Transgene expression in microalgae—From tools to applications. Front. Plant Sci. 2016, 7, 505.
[CrossRef] [PubMed]

Muiioz, C.E; de Jaeger, L.; Sturme, M.H.; Lip, K.Y,; Olijslager, ].W.; Springer, J.; Wolbert, E.J.; Martens, D.E.; Eggink, G.; Weusthuis,
R.A. Improved DNA /protein delivery in microalgae—A simple and reliable method for the prediction of optimal electroporation
settings. Algal Res. 2018, 33, 448-455. [CrossRef]

Bolanos-Martinez, O.C.; Mahendran, G.; Rosales-Mendoza, S.; Vimolmangkang, S. Current status and perspective on the use of
viral-based vectors in eukaryotic microalgae. Mar. Drugs 2022, 20, 434. [CrossRef] [PubMed]

Fujiwara, T.; Ohnuma, M.; Kuroiwa, T.; Ohbayashi, R.; Hirooka, S.; Miyagishima, S.-Y. Development of a double nuclear
gene-targeting method by two-step transformation based on a newly established chloramphenicol-selection system in the red
alga Cyanidioschyzon merolae. Front. Plant Sci. 2017, 8, 343. [CrossRef] [PubMed]

Yu, J. Comparative Characterization of Isoprene Synthases from Monocot Species for Improved Isoprene Production in Microalgae; Padua
Research Archive: Padua, Italy, 2023.

Gu, Y.;; Teo, M.Y.M.; In, L.L.A,; Shimizu, K.; Chae, K.-J.; Tran, T.N.T.; Khoo, K.S. Genetic engineering of Haematococcus pluvialis
microalgae for the enhancement of astaxanthin production: A review. Biocatal. Agric. Biotechnol. 2024, 60, 103298. [CrossRef]
Yamada, T.; Onimatsu, H.; Van Etten, J.L. Chlorella viruses. Adv. Virus Res. 2006, 66, 293-336.

Yang, B.; Liu, J.; Jiang, Y.; Chen, E. Chlorella species as hosts for genetic engineering and expression of heterologous proteins:
Progress, challenge and perspective. Biotechnol. J. 2016, 11, 1244-1261. [CrossRef]

Rocha-Martins, M.; Cavalheiro, G.R.; Matos-Rodrigues, G.E.; Martins, R.A. From gene targeting to genome editing: Transgenic
animals applications and beyond. An. Acad. Bras. Ciénc. 2015, 87, 1323-1348. [CrossRef]

Bradshaw, J.E.; Bradshaw, J.E. Gene Editing and Genetic Transformation of Potatoes. In Potato Breeding: Theory and Practice;
Springer: Berlin/Heidelberg, Germany, 2021; pp. 505-551.

Jeon, S.; Lim, J.-M.; Lee, H.-G.; Shin, S.-E.; Kang, N.K,; Park, Y.-I.; Oh, H.-M.; Jeong, W.-].; Jeong, B.-R.; Chang, Y.K. Current status
and perspectives of genome editing technology for microalgae. Biotechnol. Biofuels 2017, 10, 267. [CrossRef]

Mohan, C.; Satish, L.; Muthubharathi, B.C.; Selvarajan, D.; Easterling, M.; Yau, Y.-Y. CRISPR-Cas technology: A genome-
editing powerhouse for molecular plant breeding. In Biotechnological Innovations for Environmental Bioremediation; Springer:
Berlin/Heidelberg, Germany, 2022; pp. 803-879.

Salsman, J.; Dellaire, G. Precision genome editing in the CRISPR era. Biochem. Cell Biol. 2017, 95, 187-201. [CrossRef]

Li, G,; Yang, X; Luo, X.; Wu, Z.; Yang, H. Modulation of cell cycle increases CRISPR-mediated homology-directed DNA repair.
Cell Biosci. 2023, 13, 215. [CrossRef]

Giirel, E; Zhang, Y.; Sretenovic, S.; Qi, Y. CRISPR-Cas nucleases and base editors for plant genome editing. Abiotech 2020, 1, 74-87.
[CrossRef]

Richardson, C.; Kelsh, R.N.; Richardson, ].R. New advances in CRISPR/Cas-mediated precise gene-editing techniques. Dis.
Models Mech. 2023, 16, dmm049874. [CrossRef] [PubMed]

Brocken, D.J.; Tark-Dame, M.; Dame, R.T. dCas9: A versatile tool for epigenome editing. Curr. Issues Mol. Biol. 2018, 26, 15-32.
[CrossRef]

Chen, S.; Yu, X.; Guo, D. CRISPR-Cas targeting of host genes as an antiviral strategy. Viruses 2018, 10, 40. [CrossRef] [PubMed]


https://doi.org/10.1186/s12915-017-0391-5
https://doi.org/10.1016/j.algal.2021.102221
https://doi.org/10.3389/fbioe.2020.00914
https://www.ncbi.nlm.nih.gov/pubmed/33014997
https://doi.org/10.1016/j.algal.2023.103068
https://doi.org/10.1007/s12033-019-00185-3
https://doi.org/10.1038/s42003-025-08027-6
https://doi.org/10.1016/j.hal.2017.01.003
https://doi.org/10.3389/fpls.2016.00505
https://www.ncbi.nlm.nih.gov/pubmed/27148328
https://doi.org/10.1016/j.algal.2018.06.021
https://doi.org/10.3390/md20070434
https://www.ncbi.nlm.nih.gov/pubmed/35877728
https://doi.org/10.3389/fpls.2017.00343
https://www.ncbi.nlm.nih.gov/pubmed/28352279
https://doi.org/10.1016/j.bcab.2024.103298
https://doi.org/10.1002/biot.201500617
https://doi.org/10.1590/0001-3765201520140710
https://doi.org/10.1186/s13068-017-0957-z
https://doi.org/10.1139/bcb-2016-0137
https://doi.org/10.1186/s13578-023-01159-4
https://doi.org/10.1007/s42994-019-00010-0
https://doi.org/10.1242/dmm.049874
https://www.ncbi.nlm.nih.gov/pubmed/36847161
https://doi.org/10.21775/cimb.026.015
https://doi.org/10.3390/v10010040
https://www.ncbi.nlm.nih.gov/pubmed/29337866

Int. J. Mol. Sci. 2025, 26, 7470 25 of 34

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Lo, A.; Qi, L. Genetic and epigenetic control of gene expression by CRISPR-Cas systems. F1000Research 2017, 6, F1000. [CrossRef]
[PubMed]

Devillars, A.; Magon, G.; Pirrello, C.; Palumbo, F.; Farinati, S.; Barcaccia, G.; Lucchin, M.; Vannozzi, A. Not only editing: A
cas-cade of CRISPR/Cas-based tools for functional genomics in plants and animals. Int. J. Mol. Sci. 2024, 25, 3271. [CrossRef]
[PubMed]

Alerasool, N.; Segal, D.; Lee, H.; Taipale, M. An efficient KRAB domain for CRISPRi applications in human cells. Nat. Methods
2020, 17, 1093-1096. [CrossRef]

Kunii, A.; Hara, Y.; Takenaga, M.; Hattori, N.; Fukazawa, T.; Ushijima, T.; Yamamoto, T.; Sakuma, T. Three-component repurposed
technology for enhanced expression: Highly accumulable transcriptional activators via branched tag arrays. CRISPR |. 2018, 1,
337-347. [CrossRef]

Dhokane, D.; Shaikh, A.; Yadav, A.; Giri, N.; Bandyopadhyay, A.; Dasgupta, S.; Bhadra, B. CRISPR-based bioengineering in
microalgae for production of industrially important biomolecules. Front. Bioeng. Biotechnol. 2023, 11, 1267826. [CrossRef]
Diankristanti, PA.; Ho, N.-H.E; Chen, ].-H.; Nagarajan, D.; Chen, C.-Y.; Hsieh, Y.-M.; Ng, L.-S.; Chang, ].-S. Unlocking the potential
of microalgae as sustainable bioresources from up to downstream processing: A critical review. Chem. Eng. ]. 2024, 488, 151124.
[CrossRef]

Ciurkot, K. Expanding CRISPR-based toolbox for enhanced production of 3-carotene in S. cerevisiae. Curr. Microbiol. 2021, 77,
468-478.

Gomide, M.d.S.; Leitao, M.d.C.; Coelho, C.M. Biocircuits in plants and eukaryotic algae. Front. Plant Sci. 2022, 13, 982959.
[CrossRef]

Jagadevan, S.; Banerjee, A.; Banerjee, C.; Guria, C.; Tiwari, R.; Baweja, M.; Shukla, P. Recent developments in synthetic biology
and metabolic engineering in microalgae towards biofuel production. Biotechnol. Biofuels 2018, 11, 185. [CrossRef]

Naduthodi, M.I; Stidfeld, C.; Avitzigiannis, E.K.; Trevisan, N.; van Lith, E.; Alcaide Sancho, ].; D’Adamo, S.; Barbosa, M.; van der
Oost, J. Comprehensive genome engineering toolbox for microalgae Nannochloropsis oceanica based on CRISPR-Cas systems. ACS
Synth. Biol. 2021, 10, 3369-3378. [CrossRef] [PubMed]

Christian, S. Lipids and More: Advancing Nannochloropsis as A Biotechnological Multipurpose Chassis. Ph.D. Thesis, Wageningen
University, Wageningen, The Netherlands, 2021.

Singh, V.; Dhar, P.K. Genome Engineering via CRISPR-Cas9 System; Academic Press: Cambridge, MA, USA, 2020.

Ding, W.; Zhang, Y.; Shi, S. Development and application of CRISPR/Cas in microbial biotechnology. Front. Bioeng. Biotechnol.
2020, 8, 711. [CrossRef]

Vogler, BW.; Ashford, A.; Posewitz, M.C. CRISPR/Cas9 disruption of glucan synthase in Nannochloropsis gaditana attenuates
accumulation of -1, 3-glucose oligomers. Algal Res. 2021, 58, 102385. [CrossRef]

Vogler, B. Development of CRISPR/Cas9 in Nannochloropsis and Other Algae Toward Understanding and Manipulating Energy Allocation;
Colorado School of Mines: Golden, CO, USA, 2018.

Balamurugan, S.; Li, D.-W.; Wang, X.; Li, H.-Y. Unleashing the potential of biotechnological strategies for the sustainable
production of microalgal polysaccharides. Crit. Rev. Food Sci. Nutr. 2025, 1-18. [CrossRef] [PubMed]

Song, Y.; Wang, F; Chen, L.; Zhang, W. Engineering fatty acid biosynthesis in microalgae: Recent progress and perspectives. Mar.
Drugs 2024, 22, 216. [CrossRef]

Xing, C.; Li, J.; Yuan, H.; Yang, J. Physiological and transcription level responses of microalgae Auxenochlorella protothecoides to
cold and heat induced oxidative stress. Environ. Res. 2022, 211, 113023. [CrossRef] [PubMed]

Minami, S. Applications of Protein Engineering in Synthetic Biology and Bioproduction; University of California: Davis, CA, USA, 2023.
Gupta, A; Kang, K; Pathania, R.; Saxton, L.; Saucedo, B.; Malik, A.; Torres-Tiji, Y.; Diaz, C.J.; Dutra Molino, J.V.; Mayfield, S.P.
Harnessing genetic engineering to drive economic bioproduct production in algae. Front. Bioeng. Biotechnol. 2024, 12, 1350722.
[CrossRef]

Gonzélez Castro, N.; Bjelic, J.; Malhotra, G.; Huang, C.; Alsaffar, S.H. Comparison of the feasibility, efficiency, and safety of
genome editing technologies. Int. J. Mol. Sci. 2021, 22, 10355. [CrossRef]

Dhokane, D.; Chandrashekharaiah, P.; Kushwaha, S.; Bhadra, B.; Bandyopadhyay, A. Recent Advances in Microalgal Genome
Editing with Special Emphasis on CRISPR Mediated Modification Systems. In Microalgae for Sustainable Products; Royal Society of
Chemistry: London, UK, 2022.

George, |.; Kahlke, T.; Abbriano, R.M.; Kuzhiumparambil, U.; Ralph, PJ.; Fabris, M. Metabolic engineering strategies in diatoms
reveal unique phenotypes and genetic configurations with implications for algal genetics and synthetic biology. Front. Bioeng.
Biotechnol. 2020, 8, 513. [CrossRef]

La Russa, M.F; Qi, L.S. The new state of the art: Cas9 for gene activation and repression. Mol. Cell Biol. 2015, 35, 3800-3809.
[CrossRef]

Raicu, A.-M. Regulation of Gene Expression in Drosophila by the Rb and CtBP Transcriptional Corepressors; Michigan State University:
East Lansing, MI, USA, 2023.


https://doi.org/10.12688/f1000research.11113.1
https://www.ncbi.nlm.nih.gov/pubmed/28649363
https://doi.org/10.3390/ijms25063271
https://www.ncbi.nlm.nih.gov/pubmed/38542245
https://doi.org/10.1038/s41592-020-0966-x
https://doi.org/10.1089/crispr.2018.0009
https://doi.org/10.3389/fbioe.2023.1267826
https://doi.org/10.1016/j.cej.2024.151124
https://doi.org/10.3389/fpls.2022.982959
https://doi.org/10.1186/s13068-018-1181-1
https://doi.org/10.1021/acssynbio.1c00329
https://www.ncbi.nlm.nih.gov/pubmed/34793143
https://doi.org/10.3389/fbioe.2020.00711
https://doi.org/10.1016/j.algal.2021.102385
https://doi.org/10.1080/10408398.2025.2475240
https://www.ncbi.nlm.nih.gov/pubmed/40084718
https://doi.org/10.3390/md22050216
https://doi.org/10.1016/j.envres.2022.113023
https://www.ncbi.nlm.nih.gov/pubmed/35276186
https://doi.org/10.3389/fbioe.2024.1350722
https://doi.org/10.3390/ijms221910355
https://doi.org/10.3389/fbioe.2020.00513
https://doi.org/10.1128/MCB.00512-15

Int. J. Mol. Sci. 2025, 26, 7470 26 of 34

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Chu, L.L. CRISPR-Cas system in microbial hosts for terpenoid production. Crit. Rev. Biotechnol. 2022, 42, 1116-1133. [CrossRef]
Cardiff, R.A.; Carothers, ].M.; Zalatan, ].G.; Sauro, H.M. Systems-Level Modeling for CRISPR-Based Metabolic Engineering. ACS
Synth. Biol. 2024, 13, 2643-2652. [CrossRef]

Nishida, K.; Kondo, A. CRISPR-derived genome editing technologies for metabolic engineering. Metab. Eng. 2021, 63, 141-147.
[CrossRef]

Bacova, R.; Kolackova, M.; Klejdus, B.; Adam, V.; Huska, D. Epigenetic mechanisms leading to genetic flexibility during abiotic
stress responses in microalgae: A review. Algal Res. 2020, 50, 101999. [CrossRef]

Zhao, Z.; Chen, G.; Zhang, L. Epigenetic Regulation in Algae: Implications for Growth, Development, and Stress Response. Int. ].
Aquac. 2024, 14, 257. [CrossRef]

Tejedor, J.R.; Pefiarroya, A.; Gancedo-Verdejo, J.; Santamarina-Ojeda, P; Pérez, R.F,; Lopez-Tamargo, S.; Diez-Borge, A.; Alba-
Linares, ].].; Gonzalez-del-Rey, N.; Urdinguio, R.G. CRISPR/dCAS9-mediated DNA demethylation screen identifies functional
epigenetic determinants of colorectal cancer. Clin. Epigenet. 2023, 15, 133. [CrossRef] [PubMed]

Choudhury, S.R.; Cui, Y.; Lubecka, K.; Stefanska, B.; Irudayaraj, ]. CRISPR-dCas9 mediated TET1 targeting for selective DNA
demethylation at BRCA1 promoter. Oncotarget 2016, 7, 46545. [CrossRef] [PubMed]

Martella, A.; Fisher, D.I. Regulation of gene expression and the elucidative role of CRISPR-based epigenetic modifiers and
CRISPR-induced chromosome conformational changes. CRISPR J. 2021, 4, 43-57. [CrossRef] [PubMed]

Einhaus, A.; Krieger, A.; Kohne, L.; Rautengarten, B.; Jacobebbinghaus, N.; Saudhof, M.; Baier, T.; Kruse, O. Genome editing of
epigenetic transgene silencing in Chlamydomonas reinhardtii. Trends Biotechnol. 2025. [CrossRef] [PubMed]

Steadman, C.R. Epigenetics in Algae. In Epigenetics in Aquaculture; Wiley: Hoboken, NJ, USA, 2023; pp. 383—411.

Dhaouadi, F.; Awwad, F; Diamond, A.; Desgagné-Penix, I. Diatoms’ breakthroughs in biotechnology: Phaeodactylum tricornutum
as a model for producing high-added value molecules. Am. J. Plant Sci. 2020, 11, 1632. [CrossRef]

Kim, E.-J.; Ma, X.; Cerutti, H. Gene silencing in microalgae: Mechanisms and biological roles. Bioresour. Technol. 2015, 184, 23-32.
[CrossRef] [PubMed]

Chen, B.; Wan, C.; Mehmood, M.A.; Chang, J.-S; Bai, F,; Zhao, X. Manipulating environmental stresses and stress tolerance of
microalgae for enhanced production of lipids and value-added products—A review. Bioresour. Technol. 2017, 244, 1198-1206.
[CrossRef] [PubMed]

Li, Y;; Liang, J.; Deng, B.; Jiang, Y.; Zhu, J.; Chen, L.; Li, M.; Li, J. Applications and prospects of CRISPR/Cas9-mediated base
editing in plant breeding. Curr. Issues Mol. Biol. 2023, 45, 918-935. [CrossRef]

Hua, K.; Han, P.; Zhu, ].-K. Improvement of base editors and prime editors advances precision genome engineering in plants.
Plant Physiol. 2022, 188, 1795-1810. [CrossRef]

Li, J.; Zhang, C.; He, Y;; Li, S.; Yan, L.; Li, Y,; Zhu, Z,; Xia, L. Plant base editing and prime editing: The current status and future
perspectives. J. Integr. Plant Biol. 2023, 65, 444-467. [CrossRef]

Kantor, A.; McClements, M.E.; MacLaren, R.E. CRISPR-Cas9 DNA base-editing and prime-editing. Int. J. Mol. Sci. 2020, 21, 6240.
[CrossRef]

Rallapalli, K.L.; Komor, A.C. The design and application of DNA-editing enzymes as base editors. Annu. Rev. Biochem. 2023, 92,
43-79. [CrossRef]

Carlaw, TM. Therapeutic Genome Editing for the Treatment of Genetic Diseases: Testing the Safety and Effectiveness of
CRISPR/Cas9 Therapeutic Base Editing. Ph.D. Thesis, University of British Columbia, Vancouver, BC, Canada, 2023.
Anzalone, A.V.; Koblan, L.W,; Liu, D.R. Genome editing with CRISPR-Cas nucleases, base editors, transposases and prime
editors. Nat. Biotechnol. 2020, 38, 824-844. [CrossRef]

Ochoa-Sanchez, A.; Perez-Sanchez, G.; Torres-Ledesma, A.M.; Valdez, ].P.R.; Rinaldi, G.; Moguel, B.B.; Molina-Aguilar, C. Prime
Editing, a novel genome-editing tool that may surpass conventional CRISPR-Cas9. Re GEN Open 2021, 1, 75-82. [CrossRef]
Averina, O.; Kuznetsova, S.; Permyakov, O.; Sergiev, P. Current knowledge of base editing and prime editing. Mol. Biol. 2024, 58,
571-587. [CrossRef]

Chintagunta, A.D.; Kumar, N.; Kumar, PN.; Kumar, PS.; Kumar, S. Metabolic Engineering and Genome Editing Strategies for Enhanced
Lipid Production in Oleaginous Microorganisms; Tech Science Press: Henderson, NV, USA, 2024.

Ng, 1.S.; Keskin, B.B.; Tan, S.I. A critical review of genome editing and synthetic biology applications in metabolic engineering of
microalgae and cyanobacteria. Biotechnol. |. 2020, 15, 1900228. [CrossRef] [PubMed]

Wang, X,; Liu, Z.; Li, G,; Dang, L.; Huang, S.; He, L.; Ma, Y.E; Li, C.; Liu, M,; Yang, G. Efficient gene silencing by adenine base
editor-mediated start codon mutation. Mol. Ther. 2020, 28, 431-440. [CrossRef]

Li, M.; Huo, Y.-X,; Guo, S. CRISPR-medjiated base editing: From precise point mutation to genome-wide engineering in nonmodel
microbes. Biology 2022, 11, 571. [CrossRef]

Molla, K.A; Sretenovic, S.; Bansal, K.C.; Qi, Y. Precise plant genome editing using base editors and prime editors. Nat. Plants
2021, 7, 1166-1187. [CrossRef]


https://doi.org/10.1080/07388551.2021.1995318
https://doi.org/10.1021/acssynbio.4c00053
https://doi.org/10.1016/j.ymben.2020.12.002
https://doi.org/10.1016/j.algal.2020.101999
https://doi.org/10.5376/ija.2024.14.0026
https://doi.org/10.1186/s13148-023-01546-1
https://www.ncbi.nlm.nih.gov/pubmed/37612734
https://doi.org/10.18632/oncotarget.10234
https://www.ncbi.nlm.nih.gov/pubmed/27356740
https://doi.org/10.1089/crispr.2020.0108
https://www.ncbi.nlm.nih.gov/pubmed/33616442
https://doi.org/10.1016/j.tibtech.2025.04.019
https://www.ncbi.nlm.nih.gov/pubmed/40450408
https://doi.org/10.4236/ajps.2020.1110118
https://doi.org/10.1016/j.biortech.2014.10.119
https://www.ncbi.nlm.nih.gov/pubmed/25466994
https://doi.org/10.1016/j.biortech.2017.05.170
https://www.ncbi.nlm.nih.gov/pubmed/28601395
https://doi.org/10.3390/cimb45020059
https://doi.org/10.1093/plphys/kiab591
https://doi.org/10.1111/jipb.13425
https://doi.org/10.3390/ijms21176240
https://doi.org/10.1146/annurev-biochem-052521-013938
https://doi.org/10.1038/s41587-020-0561-9
https://doi.org/10.1089/regen.2021.0016
https://doi.org/10.1134/S0026893324700195
https://doi.org/10.1002/biot.201900228
https://www.ncbi.nlm.nih.gov/pubmed/32080963
https://doi.org/10.1016/j.ymthe.2019.11.022
https://doi.org/10.3390/biology11040571
https://doi.org/10.1038/s41477-021-00991-1

Int. J. Mol. Sci. 2025, 26, 7470 27 of 34

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Cui, Y.; Cao, Q.; Li, Y;; He, M.; Liu, X. Advances in cis-element-and natural variation-mediated transcriptional regulation and
applications in gene editing of major crops. J. Exp. Bot. 2023, 74, 5441-5457. [CrossRef]

Thenge, P.P. Base Editing Enables Single-Step, Highly Multiplex Genome Editing in Human iPSCS with Negligible Genotoxicity; University
of Minnesota: Minneapolis, MN, USA, 2024.

Doman, J.L. Development of Enhanced Base Editors and Prime Editors Through Protein Engineering and Directed Evolution.
Ph.D. Thesis, Harvard University, Cambridge, MA, USA, 2023.

Molla, K.A,; Yang, Y. CRISPR/Cas-mediated base editing: Technical considerations and practical applications. Trends Biotechnol.
2019, 37, 1121-1142. [CrossRef]

Yu, S.-Y,; Birkenshaw, A.; Thomson, T.; Carlaw, T.; Zhang, L.-H.; Ross, C.J. Increasing the targeting scope of CRISPR base editing
system beyond NGG. Cris. . 2022, 5, 187-202. [CrossRef]

Wang, L.; Han, H. Strategies for improving the genome-editing efficiency of class 2 CRISPR/Cas system. Heliyon 2024, 10, e38588.
[CrossRef] [PubMed]

Murray, ].B.; Harrison, P.T.; Scholefield, J. Prime editing: Therapeutic advances and mechanistic insights. Gene Ther. 2025, 32,
83-92. [CrossRef]

Xu, W.; Zhang, S.; Qin, H.; Yao, K. From bench to bedside: Cutting-edge applications of base editing and prime editing in
precision medicine. . Transl. Med. 2024, 22, 1133. [CrossRef]

Doman, J.L.; Sousa, A.A.; Randolph, P.B.; Chen, PJ.; Liu, D.R. Designing and executing prime editing experiments in mammalian
cells. Nat. Protoc. 2022, 17, 2431-2468. [CrossRef] [PubMed]

Scholefield, J.; Harrison, P.T. Prime editing—An update on the field. Gene Ther. 2021, 28, 396-401. [CrossRef]

Xu, W.,; Zhang, C.; Yang, Y.; Zhao, S.; Kang, G.; He, X,; Song, ].; Yang, ]J. Versatile nucleotides substitution in plant using an
improved prime editing system. Mol. Plant 2020, 13, 675-678. [CrossRef] [PubMed]

Liu, D.; Cao, D.; Han, R. Recent advances in therapeutic gene editing technologies. Mol. Ther. 2025, 33, 2619-2644. [CrossRef]
[PubMed]

Ebrahimi, V.; Hashemi, A. Challenges of in vitro genome editing with CRISPR/Cas9 and possible solutions: A review. Gene 2020,
753, 144813. [CrossRef]

Shivani; Chauhan, H.; Singh, K. Genome-Editing Advances for Disease Resistance in Plants. In Biotechnological Advances for
Disease Tolerance in Plants; Springer: Berlin/Heidelberg, Germany, 2024; pp. 293-316.

Liao, H.; Wu, J.; VanDusen, N.J.; Li, Y.; Zheng, Y. CRISPR-Cas9-mediated homology-directed repair for precise gene editing. Mol.
Ther. Nucleic Acids 2024, 35, 102344. [CrossRef]

Li, M,; Lin, Y;; Cheng, Q.; Wei, T. Prime Editing: A Revolutionary Technology for Precise Treatment of Genetic Disorders. Cell
Prolif. 2025, 58, €13808. [CrossRef]

Esland, L.; Larrea-Alvarez, M.; Purton, S. Selectable markers and reporter genes for engineering the chloroplast of Chlamydomonas
reinhardtii. Biology 2018, 7, 46. [CrossRef]

Jiang, Z.; Zhang, S.; Jiang, Y.; Liu, R.; Xiao, Y. Development and optimization of CRISPR prime editing system in photoautotrophic
cells. Molecules 2022, 27, 1758. [CrossRef]

Zong, Y.,; Liu, Y;; Xue, C.; Li, B; Li, X;; Wang, Y,; Li, ].; Liu, G.; Huang, X.; Cao, X. An engineered prime editor with enhanced
editing efficiency in plants. Nat. Biotechnol. 2022, 40, 1394-1402. [CrossRef]

George, J. Exploring Genetic Engineering Strategies to Enable Heterologous Monoterpenoid Production in Model Microalgae,
Chlamydomonas reinhardtii and Phaeodactylum tricornutum. Ph.D. Thesis, University of Technology Sydney, Ultimo, Australia, 2021.
Kurita, T.; Iwai, M.; Ohta, H.; Sakuma, T.; Yamamoto, T. Genome editing for biodiesel production in oleaginous microalga,
Nannochloropsis species. Gene Genome Ed. 2023, 6, 100027. [CrossRef]

Gong, C.; Huang, S.; Song, R.; Qi, W. Comparative study between the CRISPR/Cpf1 (Cas12a) and CRISPR/Cas9 systems for
multiplex gene editing in maize. Agriculture 2021, 11, 429. [CrossRef]

McCarty, N.S.; Graham, A.E.; Studend, L.; Ledesma-Amaro, R. Multiplexed CRISPR technologies for gene editing and transcrip-
tional regulation. Nat. Commun. 2020, 11, 1281. [CrossRef]

Zhao, W.; Xu, Y.; Wang, Y.; Gao, D.; King, J.; Xu, Y.; Liang, F.-S. Investigating crosstalk between H3K27 acetylation and H3K4
trimethylation in CRISPR/dCas-based epigenome editing and gene activation. Sci. Rep. 2021, 11, 15912. [CrossRef]

Cho, S.; Shin, J.; Cho, B.-K. Applications of CRISPR/Cas system to bacterial metabolic engineering. Int. J. Mol. Sci. 2018, 19, 1089.
[CrossRef] [PubMed]

Bu, M,; Fan, W,; Li, R.; He, B.; Cui, P. Lipid metabolism and improvement in oilseed crops: Recent advances in multi-omics
studies. Metabolites 2023, 13, 1170. [CrossRef] [PubMed]

Abdelrahman, M.; Wei, Z.; Rohila, J.S.; Zhao, K. Multiplex genome-editing technologies for revolutionizing plant biology and
crop improvement. Front. Plant Sci. 2021, 12, 721203. [CrossRef] [PubMed]

Kang, H.; Park, D.; Kim, ]. Logical regulation of endogenous gene expression using programmable, multi-input processing
CRISPR guide RNAs. Nucleic Acids Res. 2024, 52, 8595-8608. [CrossRef]


https://doi.org/10.1093/jxb/erad248
https://doi.org/10.1016/j.tibtech.2019.03.008
https://doi.org/10.1089/crispr.2021.0109
https://doi.org/10.1016/j.heliyon.2024.e38588
https://www.ncbi.nlm.nih.gov/pubmed/39397905
https://doi.org/10.1038/s41434-024-00499-1
https://doi.org/10.1186/s12967-024-05957-3
https://doi.org/10.1038/s41596-022-00724-4
https://www.ncbi.nlm.nih.gov/pubmed/35941224
https://doi.org/10.1038/s41434-021-00263-9
https://doi.org/10.1016/j.molp.2020.03.012
https://www.ncbi.nlm.nih.gov/pubmed/32234340
https://doi.org/10.1016/j.ymthe.2025.03.026
https://www.ncbi.nlm.nih.gov/pubmed/40119516
https://doi.org/10.1016/j.gene.2020.144813
https://doi.org/10.1016/j.omtn.2024.102344
https://doi.org/10.1111/cpr.13808
https://doi.org/10.3390/biology7040046
https://doi.org/10.3390/molecules27061758
https://doi.org/10.1038/s41587-022-01254-w
https://doi.org/10.1016/j.ggedit.2023.100027
https://doi.org/10.3390/agriculture11050429
https://doi.org/10.1038/s41467-020-15053-x
https://doi.org/10.1038/s41598-021-95398-5
https://doi.org/10.3390/ijms19041089
https://www.ncbi.nlm.nih.gov/pubmed/29621180
https://doi.org/10.3390/metabo13121170
https://www.ncbi.nlm.nih.gov/pubmed/38132852
https://doi.org/10.3389/fpls.2021.721203
https://www.ncbi.nlm.nih.gov/pubmed/34691102
https://doi.org/10.1093/nar/gkae549

Int. J. Mol. Sci. 2025, 26, 7470 28 of 34

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Santos-Moreno, J.; Schaerli, Y. CRISPR-based gene expression control for synthetic gene circuits. Biochem. Soc. Trans. 2020, 48,
1979-1993. [CrossRef]

Chung, HK.; Lin, M.Z. On the cutting edge: Protease-based methods for sensing and controlling cell biology. Nat. Methods 2020,
17, 885-896. [CrossRef]

Teixeira, A.P; Fussenegger, M. Synthetic Gene Circuits for Regulation of Next-Generation Cell-Based Therapeutics. Adv. Sci. 2024,
11, 2309088. [CrossRef]

Mansouri, M.; Fussenegger, M. Small-Molecule Regulators for Gene Switches to Program Mammalian Cell Behaviour. Chem-
BioChem 2024, 25, €202300717. [CrossRef]

Khan, Z. Engineering Disease Resistance in Plants Using CRISPR-Cas; CRC Press: Boca Raton, FL, USA, 2023.

Ibi@oglu, M.; Palab1yik, B.; Yilmaz, S.; Topal Sarikaya, A. Does transcription factor SPCC320. 03 regulate expression of hexose
transporter genes in fission yeast? In Proceedings of the 31st International Conference on Yeast Genetics and Molecular Biology,
Florence, Italy, 2025 August 2023.

Guo, W. Computational Modeling of Planktonic and Biofilm Metabolism; Virginia Tech: Blacksburg, VI, USA, 2017.

Fattore, N.; Bellan, A.; Pedroletti, L.; Vitulo, N.; Morosinotto, T. Acclimation of photosynthesis and lipids biosynthesis to
prolonged nitrogen and phosphorus limitation in Nannochloropsis gaditana. Algal Res. 2021, 58, 102368. [CrossRef]

Remmers, .M. Photosynthetic Efficiency in Microalgal Lipid Production. Ph.D. Thesis, Wageningen University and Research,
Wageningen, The Netherlands, 2017.

Wei, L.; Jiang, Z.; Liu, B. A CRISPR/dCas9-based transcription activated system developed in marine microalga Nannochloropsis
oceanica. Aquaculture 2022, 546, 737064. [CrossRef]

Alboresi, A.; Perin, G.; Vitulo, N.; Diretto, G.; Block, M.; Jouhet, J.; Meneghesso, A.; Valle, G.; Giuliano, G.; Maréchal, E. Light
remodels lipid biosynthesis in Nannochloropsis gaditana by modulating carbon partitioning between organelles. Plant Physiol. 2016,
171, 2468-2482. [CrossRef] [PubMed]

Garagounis, C.; Delkis, N.; Papadopoulou, K.K. Unraveling the roles of plant specialized metabolites: Using synthetic biology to
design molecular biosensors. New Phytol. 2021, 231, 1338-1352. [CrossRef] [PubMed]

Hudson, E.P. Synthetic biology in cyanobacteria and applications for biotechnology. In Cyanobacteria Biotechnolgy; Wiley: Hoboken,
NJ, USA, 2021; pp. 123-170.

Kant, G.; Pandey, A.; Shekhar, H.; Srivastava, S. Enhanced bio-synthesis of isoprene via modifying mevalonate and methylerythri-
tol phosphate pathways for industrial application: A review. Process Biochem. 2023, 130, 256-271. [CrossRef]

Teng, Y.; Zhang, J.; Jiang, T.; Zou, Y.; Gong, X.; Yan, Y. Biosensor-enabled pathway optimization in metabolic engineering. Curr.
Opin. Biotechnol. 2022, 75, 102696. [CrossRef]

Davey, M.P,; Horst, I.; Duong, G.-H.; Tomsett, E.V.; Litvinenko, A.C.; Howe, C.J.; Smith, A.G. Triacylglyceride production and
autophagous responses in Chlamydomonas reinhardtii depend on resource allocation and carbon source. Eukaryot. Cell 2014, 13,
392-400. [CrossRef]

Terashima, M. Chlamydomonas: Triacylglycerol accumulation. In Chlamydomonas: Biotechnology and Biomedicine; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 193-217.

Rapacz, E. Development of Tomato Genotypes with Enhanced Xanthophyll Content in Ripe Fruit. Ph.D. Thesis, Royal Holloway
University, Egham, UK, 2019.

Liu, Y,; Cheng, H.; Li, H.; Zhang, Y.; Wang, M. A programmable CRISPR/Cas9 Toolkit improves Lycopene production in Bacillus
subtilis. Appl. Environ. Microbiol. 2023, 89, €00230-23. [CrossRef]

Naseri, G.; Behrend, J.; Rieper, L.; Mueller-Roeber, B. COMPASS for rapid combinatorial optimization of biochemical pathways
based on artificial transcription factors. Nat. Commun. 2019, 10, 2615. [CrossRef]

Parveen, A.; Bhatnagar, P.; Gautam, P; Bisht, B.; Nanda, M.; Kumar, S.; Vlaskin, M.S.; Kumar, V. Enhancing the bio-prospective of
microalgae by different light systems and photoperiods. Photochem. Photobiol. Sci. 2023, 22, 2687-2698. [CrossRef]

Schiiller, A.; Studt-Reinhold, L.; Strauss, ]. How to completely squeeze a fungus—Advanced genome mining tools for novel
bioactive substances. Pharmaceutics 2022, 14, 1837. [CrossRef] [PubMed]

Shi, T.-Q.; Wang, L.-R.; Zhang, Z.-X,; Sun, X.-M.; Huang, H. Stresses as first-line tools for enhancing lipid and carotenoid
production in microalgae. Front. Bioeng. Biotechnol. 2020, 8, 610. [CrossRef] [PubMed]

Trovao, M.; Schiiler, L.M.; Machado, A.; Bombo, G.; Navalho, S.; Barros, A.; Pereira, H.; Silva, ].; Freitas, F.; Varela, J. Random
mutagenesis as a promising tool for microalgal strain improvement towards industrial production. Mar. Drugs 2022, 20, 440.
[CrossRef]

Liu, Q.; Yang, J.; Xing, Y.; Zhao, Y; Liu, Y. Development of delivery strategies for CRISPR-Cas9 genome editing. BMEMat 2023,
1, €12025. [CrossRef]

Antonacci, A.; Scognamiglio, V. Biotechnological advances in the design of algae-based biosensors. Trends Biotechnol. 2020, 38,
334-347. [CrossRef]


https://doi.org/10.1042/BST20200020
https://doi.org/10.1038/s41592-020-0891-z
https://doi.org/10.1002/advs.202309088
https://doi.org/10.1002/cbic.202300717
https://doi.org/10.1016/j.algal.2021.102368
https://doi.org/10.1016/j.aquaculture.2021.737064
https://doi.org/10.1104/pp.16.00599
https://www.ncbi.nlm.nih.gov/pubmed/27325666
https://doi.org/10.1111/nph.17470
https://www.ncbi.nlm.nih.gov/pubmed/33997999
https://doi.org/10.1016/j.procbio.2023.04.021
https://doi.org/10.1016/j.copbio.2022.102696
https://doi.org/10.1128/EC.00178-13
https://doi.org/10.1128/aem.00230-23
https://doi.org/10.1038/s41467-019-10224-x
https://doi.org/10.1007/s43630-023-00471-9
https://doi.org/10.3390/pharmaceutics14091837
https://www.ncbi.nlm.nih.gov/pubmed/36145585
https://doi.org/10.3389/fbioe.2020.00610
https://www.ncbi.nlm.nih.gov/pubmed/32850686
https://doi.org/10.3390/md20070440
https://doi.org/10.1002/bmm2.12025
https://doi.org/10.1016/j.tibtech.2019.10.005

Int. J. Mol. Sci. 2025, 26, 7470 29 of 34

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Patwari, P.; Pruckner, F.; Fabris, M. Biosensors in microalgae: A roadmap for new opportunities in synthetic biology and
biotechnology. Biotechnol. Adv. 2023, 68, 108221. [CrossRef]

Kuo, E.Y; Yang, R.Y.; Chin, Y.Y.; Chien, Y.L.; Chen, Y.C.; Wei, C.Y,; Kao, LJ.; Chang, Y.H.; Li, Y.J.; Chen, T.Y. Multiomics approaches
and genetic engineering of metabolism for improved biorefinery and wastewater treatment in microalgae. Biotechnol. J. 2022,
17,2100603. [CrossRef]

Huang, M.; Wang, K.; Li, A.; Zhu, X.; Zhou, Z.; Yang, C.; Bi, C.; Zhang, X. Mini and enhanced CRISPR activators for cancer
therapies. J. Adv. Res. 2024. [CrossRef]

Turner, T.J.; Zourray, C.; Schorge, S.; Lignani, G. Recent advances in gene therapy for neurodevelopmental disorders with epilepsy.
J. Neurochem. 2021, 157, 229-262. [CrossRef]

O’Geen, H.; Ren, C.; Nicolet, CM.; Perez, A.A.; Halmai, J.; Le, VM.; Mackay, J.P.; Farnham, PJ.; Segal, D.]. dCas9-based
epigenome editing suggests acquisition of histone methylation is not sufficient for target gene repression. Nucleic Acids Res. 2017,
45,9901-9916. [CrossRef]

Thakore, P.I; Black, ].B.; Hilton, I.B.; Gersbach, C.A. Editing the epigenome: Technologies for programmable transcription and
epigenetic modulation. Nat. Methods 2016, 13, 127-137. [CrossRef]

Fayyaz, M.; Chew, KW,; Show, PL,; Ling, T.C.; Ng, L-S.; Chang, J.-S. Genetic engineering of microalgae for enhanced biorefinery
capabilities. Biotechnol. Adv. 2020, 43, 107554. [CrossRef] [PubMed]

Zhang, H.; Bamidele, N.; Liu, P,; Ojelabi, O.; Gao, X.D.; Rodriguez, T.; Cheng, H.; Kelly, K.; Watts, ] K.; Xie, J. Adenine base editing
in vivo with a single adeno-associated virus vector. GEN Biotechnol. 2022, 1, 285-299. [CrossRef]

Koodamvetty, A.; Thangavel, S. Advancing Precision Medicine: Recent Innovations in Gene Editing Technologies. Adv. Sci. 2025,
12,2410237. [CrossRef] [PubMed]

Wang, E; Zeng, Y.; Wang, Y.; Niu, Y. The development and application of a base editor in biomedicine. BioMed Res. Int. 2020,
2020, 2907623. [CrossRef] [PubMed]

Bharath, S.; Hemanth, S.; Ragi, S. Genomic Sculptors: Carving Perfection with Base Editing Tools in the Field of Crop Improvement.
In Multidisciplinary Research in Agriculture and Allied Sciences; Dr. Yuvraj Arjun Shinde: Indore, India, 2023; p. 169.

Matsoukas, I.G. Prime editing: Genome editing for rare genetic diseases without double-strand breaks or donor DNA. Front.
Genet. 2020, 11, 528. [CrossRef] [PubMed]

Petrova, 1.0.; Smirnikhina, S.A. The development, optimization and future of prime editing. Int. J. Mol. Sci. 2023, 24, 17045.
[CrossRef]

Shah, K.; Kaur, A.; Saxena, S.; Arora, S. CRISPR-Based Approach: A Way Forward to Sustainable Development Goals (SDGs). In
Gene Editing in Plants: CRISPR-Cas and Its Applications; Springer: Berlin/Heidelberg, Germany, 2024; pp. 709-733.

Hu, Y.; Li, W. Development and application of CRISPR-cas based tools. Front. Cell Dev. Biol. 2022, 10, 834646. [CrossRef]

Wang, X.; Wang, D.; Zhang, R.; Qin, X.; Shen, X.; You, C. Morphological Structure Identification, Comparative Mitochondrial
Genomics and Population Genetic Analysis toward Exploring Interspecific Variations and Phylogenetic Implications of Malus
baccata ‘ZA’and Other Species. Biomolecules 2024, 14, 912. [CrossRef]

Jiang, C.; Geng, L.; Wang, J.; Liang, Y.; Guo, X,; Liu, C.; Zhao, Y; Jin, ].; Liu, Z.; Mu, Y. Multiplexed gene engineering based on
dCas9 and gRNA-tRNA array encoded on single transcript. Int. J. Mol. Sci. 2023, 24, 8535. [CrossRef] [PubMed]

Munir, A.; Amin, I.; Zahoor, M.K.; Majeed, H.N.; Almoammar, H.; Ghaffar, A.; Ahmad, A. Multiplex genome editing in plants
through CRISPR-Cas. In CRISPRized Horticulture Crops; Elsevier: Amsterdam, The Netherlands, 2024; pp. 127-142.

Malcy, K.; Walls, L.E.; Rios-Solis, L. Multiplex genome engineering methods for yeast cell factory development. Front. Bioeng.
Biotechnol. 2020, 8, 589468. [CrossRef] [PubMed]

Cai, S.; Hu, T.; Venkatesan, M.; Allam, M.; Schneider, F.; Ramalingam, S.S.; Sun, S.-Y.; Coskun, A.F. Multiplexed protein profiling
reveals spatial subcellular signaling networks. Iscience 2022, 25, 104980. [CrossRef] [PubMed]

Montecillo, J.A.V,; Chu, L.L.; Bae, H. CRISPR-Cas9 system for plant genome editing: Current approaches and emerging
developments. Agronomy 2020, 10, 1033. [CrossRef]

Ma, Z.; Cheah, W.Y.; Ng, L.-S.; Chang, ].-S.; Zhao, M.; Show, P.L. Microalgae-based biotechnological sequestration of carbon
dioxide for net zero emissions. Trends Biotechnol. 2022, 40, 1439-1453. [CrossRef]

Lin, J.Y,; Lin, WR.; Ng, L.S. CRISPRa/i with A daptive S ingle G uide A ssisted R egulation D NA (ASGARD) mediated control of
Chlorella sorokiniana to enhance lipid and protein production. Biotechnol. J. 2022, 17,2100514. [CrossRef]

Du, P; Lou, C.; Zhao, X.; Wang, Q.; Ji, X.; Wei, W. CRISPR-based genetic switches and other complex circuits: Research and
application. Life 2021, 11, 1255. [CrossRef]

Wang, S.-Y.; Du, Y.-C.; Wang, D.-X; Ma, ].-Y; Tang, A.-N.; Kong, D.-M. Signal amplification and output of CRISPR/Cas-based
biosensing systems: A review. Anal. Chim. Acta 2021, 1185, 338882. [CrossRef]

Ream, M.; Prather, K.L. Engineered autonomous dynamic regulation of metabolic flux. Nat. Rev. Bioeng. 2024, 2, 233-243.
[CrossRef]

Goold, H.D.; Wright, P; Hailstones, D. Emerging opportunities for synthetic biology in agriculture. Genes 2018, 9, 341. [CrossRef]


https://doi.org/10.1016/j.biotechadv.2023.108221
https://doi.org/10.1002/biot.202100603
https://doi.org/10.1016/j.jare.2024.10.027
https://doi.org/10.1111/jnc.15168
https://doi.org/10.1093/nar/gkx578
https://doi.org/10.1038/nmeth.3733
https://doi.org/10.1016/j.biotechadv.2020.107554
https://www.ncbi.nlm.nih.gov/pubmed/32437732
https://doi.org/10.1089/genbio.2022.0015
https://doi.org/10.1002/advs.202410237
https://www.ncbi.nlm.nih.gov/pubmed/40025867
https://doi.org/10.1155/2020/2907623
https://www.ncbi.nlm.nih.gov/pubmed/32855962
https://doi.org/10.3389/fgene.2020.00528
https://www.ncbi.nlm.nih.gov/pubmed/32582281
https://doi.org/10.3390/ijms242317045
https://doi.org/10.3389/fcell.2022.834646
https://doi.org/10.3390/biom14080912
https://doi.org/10.3390/ijms24108535
https://www.ncbi.nlm.nih.gov/pubmed/37239880
https://doi.org/10.3389/fbioe.2020.589468
https://www.ncbi.nlm.nih.gov/pubmed/33195154
https://doi.org/10.1016/j.isci.2022.104980
https://www.ncbi.nlm.nih.gov/pubmed/36093051
https://doi.org/10.3390/agronomy10071033
https://doi.org/10.1016/j.tibtech.2022.09.002
https://doi.org/10.1002/biot.202100514
https://doi.org/10.3390/life11111255
https://doi.org/10.1016/j.aca.2021.338882
https://doi.org/10.1038/s44222-023-00140-7
https://doi.org/10.3390/genes9070341

Int. J. Mol. Sci. 2025, 26, 7470 30 of 34

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Babu, S.S.; Gondi, R.; Vincent, G.S.; JohnSamuel, G.C.; Jeyakumar, R.B. Microalgae biomass and lipids as feedstock for biofuels:
Sustainable biotechnology strategies. Sustainability 2022, 14, 15070. [CrossRef]

Maltsev, Y.; Maltseva, K.; Kulikovskiy, M.; Maltseva, S. Influence of light conditions on microalgae growth and content of lipids,
carotenoids, and fatty acid composition. Biology 2021, 10, 1060. [CrossRef] [PubMed]

Velmurugan, A.; Muthukaliannan, G.K. Genetic manipulation for carotenoid production in microalgae an overview. Curr. Res.
Biotechnol. 2022, 4, 221-228. [CrossRef]

Jiang, Y.; Zhong, S.; Li, Q. The research progress and frontier studies on soybean production technology: Genetic breeding, pest
and disease control, and precision agriculture applications. Adv. Resour. Res. 2025, 5, 1065-1082.

Mutale-Joan, C.; El Arroussi, H. Biotechnological strategies overcoming limitations to H. pluvialis-derived astaxanthin production
and Morocco’s potential. Crit. Rev. Food Sci. Nutr. 2025, 65, 1404-1419. [CrossRef]

Wang, W.; Wu, Q.; Wang, N.; Ye, S.; Wang, Y.; Zhang, J.; Lin, C.; Zhu, Q. Advances in bamboo genomics: Growth and development,
stress tolerance, and genetic engineering. J. Integr. Plant Biol. 2025, 67, 1725-1755. [CrossRef]

Li, G.; Xiao, W.,; Yang, T.; Lyu, T. Optimization and process effect for microalgae carbon dioxide fixation technology applications
based on carbon capture: A comprehensive review. C 2023, 9, 35. [CrossRef]

Hu, ].; Wang, D.; Chen, H.; Wang, Q. Advances in genetic engineering in improving photosynthesis and microalgal productivity.
Int. ]. Mol. Sci. 2023, 24, 1898. [CrossRef] [PubMed]

Goswami, RK.; Agrawal, K.; Upadhyaya, H.M.; Gupta, V.K.; Verma, P. Microalgae conversion to alternative energy, operating
environment and economic footprint: An influential approach towards energy conversion, and management. Energy Convers.
Manag. 2022, 269, 116118. [CrossRef]

Dawiec-Lisniewska, A.; Podstawczyk, D.; Bastrzyk, A.; Czuba, K.; Pacyna-Iwanicka, K.; Okoro, O.V.; Shavandi, A. New trends in
biotechnological applications of photosynthetic microorganisms. Biotechnol. Adv. 2022, 59, 107988. [CrossRef]

Chintagunta, A.; Prashant, S.; Satya, N. Metabolic engineering and genome editing strategies for enhanced lipid production in
microalgae. Biocell 2024, 48, 1181. [CrossRef]

Diao, J.; Song, X.; Guo, T.; Wang, F.; Chen, L.; Zhang, W. Cellular engineering strategies toward sustainable omega-3 long chain
polyunsaturated fatty acids production: State of the art and perspectives. Biotechnol. Adv. 2020, 40, 107497. [CrossRef]
Guihéneuf, F; Khan, A.; Tran, L.-S.P. Genetic engineering: A promising tool to engender physiological, biochemical, and molecular
stress resilience in green microalgae. Front. Plant Sci. 2016, 7, 400. [CrossRef]

Tamaki, S.; Mochida, K.; Suzuki, K. Diverse biosynthetic pathways and protective functions against environmental stress of
antioxidants in microalgae. Plants 2021, 10, 1250. [CrossRef]

Ranjbar, S.; Malcata, EX. Is genetic engineering a route to enhance microalgae-mediated bioremediation of heavy metal-containing
effluents? Molecules 2022, 27, 1473. [CrossRef] [PubMed]

Tran, Q.-G.; Le, T.T.; Choi, D.Y.; Cho, D.H.; Yun, J.-H.; Choi, H.I,; Kim, H.-S.; Lee, Y.]J. Progress and challenges in CRISPR/Cas
applications in microalgae. J. Microbiol. 2025, 63, €2501028. [CrossRef] [PubMed]

Mohammad, I.; Ansari, M.R; Bari, M.N.; Khan, M.S.; Kamal, M.A.; Anwar, M. Enhancing Food Safety: Adapting to Microbial
Responses Under Diverse Environmental Stressors. Preprints 2025. [CrossRef]

Priyadharsini, P; Nirmala, N.; Dawn, S.; Baskaran, A.; SundarRajan, P.; Gopinath, K.; Arun, ]J. Genetic improvement of
microalgae for enhanced carbon dioxide sequestration and enriched biomass productivity: Review on CO, bio-fixation pathways
modifications. Algal Res. 2022, 66, 102810. [CrossRef]

Hu, J.; Meng, W.; Su, Y;; Qian, C.; Fu, W. Emerging technologies for advancing microalgal photosynthesis and metabolism toward
sustainable production. Front. Mar. Sci. 2023, 10, 1260709. [CrossRef]

Shanmugam, S.; Ngo, H.-H.; Wu, Y.-R. Advanced CRISPR/Cas-based genome editing tools for microbial biofuels production: A
review. Renew. Energy 2020, 149, 1107-1119. [CrossRef]

Rock, A.; Novoveska, L.; Green, D. Synthetic biology is essential to unlock commercial biofuel production through hyper
lipid-producing microalgae: A review. Appl. Phycol. 2021, 2, 41-59. [CrossRef]

Joshi, S.; Pandey, A.; Sirohi, R.; Park, S.H. Current Developments in Biotechnology and Bioengineering: Designer Microbial Cell Factories:
Metabolic Engineering and Applications; Elsevier: Amsterdam, The Netherlands, 2022.

Chen, Z; Zhu, J.; Du, M.; Chen, Z.; Liu, Q.; Zhu, H.; Lei, A.; Wang, J. A synthetic biology perspective on the bioengineering tools
for an industrial microalga: Euglena gracilis. Front. Bioeng. Biotechnol. 2022, 10, 882391. [CrossRef]

Barbosa, M.].; Janssen, M.; Stidfeld, C.; D’Adamo, S.; Wijffels, R.H. Hypes, hopes, and the way forward for microalgal biotechnol-
ogy. Trends Biotechnol. 2023, 41, 452-471. [CrossRef]

Zhang, Y.-T; Jiang, J.-Y.; Shi, T.-Q.; Sun, X.-M.; Zhao, Q.-Y.; Huang, H.; Ren, L.-]. Application of the CRISPR/Cas system for
genome editing in microalgae. Appl. Microbiol. Biotechnol. 2019, 103, 3239-3248. [CrossRef]

Hao, X.; Chen, W.; Amato, A.; Jouhet, J.; Maréchal, E.; Moog, D.; Hu, H; Jin, H.; You, L.; Huang, F. Multiplexed CRISPR/Cas9
editing of the long-chain acyl-CoA synthetase family in the diatom Phaeodactylum tricornutum reveals that mitochondrial ptACSL3
is involved in the synthesis of storage lipids. New Phytol. 2022, 233, 1797-1812. [CrossRef] [PubMed]


https://doi.org/10.3390/su142215070
https://doi.org/10.3390/biology10101060
https://www.ncbi.nlm.nih.gov/pubmed/34681157
https://doi.org/10.1016/j.crbiot.2022.03.005
https://doi.org/10.1080/10408398.2023.2294163
https://doi.org/10.1111/jipb.13909
https://doi.org/10.3390/c9010035
https://doi.org/10.3390/ijms24031898
https://www.ncbi.nlm.nih.gov/pubmed/36768215
https://doi.org/10.1016/j.enconman.2022.116118
https://doi.org/10.1016/j.biotechadv.2022.107988
https://doi.org/10.32604/biocell.2024.050540
https://doi.org/10.1016/j.biotechadv.2019.107497
https://doi.org/10.3389/fpls.2016.00400
https://doi.org/10.3390/plants10061250
https://doi.org/10.3390/molecules27051473
https://www.ncbi.nlm.nih.gov/pubmed/35268582
https://doi.org/10.71150/jm.2501028
https://www.ncbi.nlm.nih.gov/pubmed/40195838
https://doi.org/10.62622/TEIEE.025.3.2.12-26
https://doi.org/10.1016/j.algal.2022.102810
https://doi.org/10.3389/fmars.2023.1260709
https://doi.org/10.1016/j.renene.2019.10.107
https://doi.org/10.1080/26388081.2021.1886872
https://doi.org/10.3389/fbioe.2022.882391
https://doi.org/10.1016/j.tibtech.2022.12.017
https://doi.org/10.1007/s00253-019-09726-x
https://doi.org/10.1111/nph.17911
https://www.ncbi.nlm.nih.gov/pubmed/34882804

Int. J. Mol. Sci. 2025, 26, 7470 31 0f34

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Ranjbar, S.; Malcata, EX. Challenges and prospects for sustainable microalga-based oil: A comprehensive review, with a focus on
metabolic and genetic engineering. Fuel 2022, 324, 124567. [CrossRef]

Ahmad Kamal, A.H.; Mohd Hamidi, N.F.; Zakaria, M.F.; Ahmad, A.; Harun, M.R.; Chandra Segaran, T.; Jusoh, M. Genetically
engineered microalgae for enhanced bioactive compounds. Discov. Appl. Sci. 2024, 6, 482. [CrossRef]

Kumari, R.; Patel, VK.; Kumari, P; Kajla, S. Yield Enhancement in Algal Production and Genetic Engineering Tools for Microalgal
Biorefinery. In Value Added Products from Bioalgae Based Biorefineries: Opportunities and Challenges; Springer: Berlin/Heidelberg,
Germany, 2024; pp. 489-522.

Garg, D.; Samota, M.K,; Kontis, N.; Patel, N.; Bala, S.; Rosado, A.S. Revolutionizing biofuel generation: Unleashing the power of
CRISPR-Cas mediated gene editing of extremophiles. Microbiol. Res. 2023, 274, 127443. [CrossRef]

Kumar, V.; Sharma, N.; Jaiswal, K K.; Vlaskin, M.S.; Nanda, M.; Tripathi, M.K.; Kumar, S. Microalgae with a truncated light-
harvesting antenna to maximize photosynthetic efficiency and biomass productivity: Recent advances and current challenges.
Process Biochem. 2021, 104, 83-91. [CrossRef]

Li, S.; Li, X.; Ho, S.-H. How to enhance carbon capture by evolution of microalgal photosynthesis? Sep. Purif. Technol. 2022, 291,
120951. [CrossRef]

Yang, B.; Liu, J.; Ma, X,; Guo, B; Liu, B.; Wu, T, Jiang, Y.; Chen, F. Genetic engineering of the Calvin cycle toward enhanced
photosynthetic CO, fixation in microalgae. Biotechnol. Biofuels 2017, 10, 229. [CrossRef] [PubMed]

Wang, Q.; Lu, Y.; Xin, Y,; Wei, L.; Huang, S.; Xu, ]J. Genome editing of model oleaginous microalgae Nannochloropsis spp. by
CRISPR/Cas9. Plant J. 2016, 88, 1071-1081. [CrossRef]

Han, X.; Song, X; Li, F; Lu, Y. Improving lipid productivity by engineering a control-knob gene in the oleaginous microalga
Nannochloropsis oceanica. Metab. Eng. Commun. 2020, 11, e00142. [CrossRef] [PubMed]

Shaigani, P.; Fuchs, T.; Graban, P.,; Prem, S.; Haack, M.; Masri, M.; Mehlmer, N.; Brueck, T. Mastering targeted genome engineering
of GC-rich oleaginous yeast for tailored plant oil alternatives for the food and chemical sector. Microb. Cell Factories 2023, 22, 25.
[CrossRef]

Duan, Y.; Chen, L.; Ma, L.; Zhai, Y;; Hu, Y.; Li, G.; Chen, G.; Li, D. CRISPR/Cas9-mediated metabolic engineering for enhanced
PUFA production in Schizochytrium limacinum. Chem. Eng. ]. 2025, 517, 164320. [CrossRef]

Wan, C.; Chen, B.-L.; Zhao, X.-Q.; Bai, F.-W. Stress response of microalgae and its manipulation for development of robust strains.
In Microalgae Biotechnology for Development of Biofuel and Wastewater Treatment; Springer: Berlin/Heidelberg, Germany, 2019;
pp- 95-113.

Kneip, J.S.; Kniepkamp, N.; Jang, J.; Mortaro, M.G.; Jin, E.; Kruse, O.; Baier, T. CRISPR/Cas9-Mediated knockout of the Lycopene
e-Cyclase for efficient astaxanthin production in the Green Microalga Chlamydomonas reinhardtii. Plants 2024, 13, 1393. [CrossRef]
Patel, A K,; Tambat, V.S.; Chen, C.-W,; Chauhan, A.S.; Kumar, P,; Vadrale, A.P.,; Huang, C.-Y,; Dong, C.-D.; Singhania, R.R. Recent
advancements in astaxanthin production from microalgae: A review. Bioresour. Technol. 2022, 364, 128030. [CrossRef]

Kumari, A.; Pabbi, S.; Tyagi, A. Recent advances in enhancing the production of long chain omega-3 fatty acids in microalgae.
Crit. Rev. Food Sci. Nutr. 2024, 64, 10564-10582. [CrossRef] [PubMed]

Wu, S,; She, Y.; Chen, X.; Huang, X.; Xu, T.; Miao, C.; Wu, Q.; Li, Z.; Li, C.; Cheng, Y. Enhanced thermotolerance via overexpression
of a stromal ascorbate peroxidase in Nannochloropsis oceanica. Plant Cell Rep. 2025, 44, 139. [CrossRef]

Xu, J.; Soni, V.; Chopra, M.; Chan, O. Genetic modification of the HSP90 gene using CRISPR-Cas9 to enhance thermotolerance in
T. suecica. Undergrad. Res. Nat. Clin. Sci. Technol. J. 2020, 4, 1-6. [CrossRef]

Chankova, S.G.; Yurina, N.P; Todorova, T.I.; Parvanova, PN. Does overproduction of chaperone proteins favour the repair of
DNA injuries induced by oxidative stress? (Mini review). BioRisk 2023, 20, 7-22. [CrossRef]

Zhu, J.; Li, S.; Chen, W,; Xu, X.; Wang, X.; Wang, X.; Han, J.; Jouhet, J.; Amato, A.; Maréchal, E. Delta-5 elongase knockout reduces
docosahexaenoic acid and lipid synthesis and increases heat sensitivity in a diatom. Plant Physiol. 2024, 196, 1356-1373. [CrossRef]
Barati, B.; Gan, S.-Y.; Lim, P.-E.; Beardall, J.; Phang, S.-M. Green algal molecular responses to temperature stress. Acta Physiol.
Plant. 2019, 41, 26. [CrossRef]

Sun, L.; Zheng, P; Sun, J.; Wendisch, V.F.; Wang, Y. Genome-scale CRISPRi screening: A powerful tool in engineering microbiology.
Eng. Microbiol. 2023, 3, 100089. [CrossRef]

Lin, Y.-C; Diankristanti, P.A.; Chen, P-Y.; Yi, Y.-C.; Ng, I.-S. Sustainable Polyhydroxybutyrate Production via Metabolic Flux
Redirection Using Clustered Regularly Interspaced Short Palindromic Repeats Interference in Escherichia coli and Carbon
Capture with Microalgae. ACS Sustain. Chem. Eng. 2025, 13, 4418-4426. [CrossRef]

Hassanien, A.; Saadaoui, I.; Schipper, K.; Al-Marri, S.; Dalgamouni, T.; Aouida, M.; Saeed, S.; Al-Jabri, H.M. Genetic engineering
to enhance microalgal-based produced water treatment with emphasis on CRISPR/Cas9: A review. Front. Bioeng. Biotechnol.
2023, 10, 1104914. [CrossRef]

Maltsev, Y.; Kulikovskiy, M.; Maltseva, S. Nitrogen and phosphorus stress as a tool to induce lipid production in microalgae.
Microb. Cell Factories 2023, 22, 239. [CrossRef]

Al-Hogqani, U.; Young, R.; Purton, S. The biotechnological potential of Nannochloropsis. Perspect. Phycol. 2017, 4, 1-15. [CrossRef]


https://doi.org/10.1016/j.fuel.2022.124567
https://doi.org/10.1007/s42452-024-06116-5
https://doi.org/10.1016/j.micres.2023.127443
https://doi.org/10.1016/j.procbio.2021.03.006
https://doi.org/10.1016/j.seppur.2022.120951
https://doi.org/10.1186/s13068-017-0916-8
https://www.ncbi.nlm.nih.gov/pubmed/29034004
https://doi.org/10.1111/tpj.13307
https://doi.org/10.1016/j.mec.2020.e00142
https://www.ncbi.nlm.nih.gov/pubmed/32995270
https://doi.org/10.1186/s12934-023-02033-1
https://doi.org/10.1016/j.cej.2025.164320
https://doi.org/10.3390/plants13101393
https://doi.org/10.1016/j.biortech.2022.128030
https://doi.org/10.1080/10408398.2023.2226720
https://www.ncbi.nlm.nih.gov/pubmed/37357914
https://doi.org/10.1007/s00299-025-03511-z
https://doi.org/10.26685/urncst.178
https://doi.org/10.3897/biorisk.20.97569
https://doi.org/10.1093/plphys/kiae297
https://doi.org/10.1007/s11738-019-2813-1
https://doi.org/10.1016/j.engmic.2023.100089
https://doi.org/10.1021/acssuschemeng.4c09128
https://doi.org/10.3389/fbioe.2022.1104914
https://doi.org/10.1186/s12934-023-02244-6
https://doi.org/10.1127/pip/2016/0065

Int. J. Mol. Sci. 2025, 26, 7470 32 0f 34

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Stavridou, E.; Karapetsi, L.; Nteve, G.M.; Tsintzou, G.; Chatzikonstantinou, M.; Tsaousi, M.; Martinez, A.; Flores, P.; Merino,
M.; Dobrovic, L. Landscape of microalgae omics and metabolic engineering research for strain improvement: An overview.
Aquaculture 2024, 587, 740803. [CrossRef]

Mubarik, M.S.; Khan, Z.; Ahmad, M.Q.; Sajjad, M. Applications of CRISPR/Cas Beyond Simple. In CRISPR Crops: The Future of
Food Security; Springer: Berlin/Heidelberg, Germany, 2021; p. 231.

Kilaru, A.; Xie, L.H.; Zhang, Q.; Zhang, Y. Tree Peony Species Are a Novel Resource for Production of x-Linolenic Acid; Elsevier:
Amsterdam, The Netherlands, 2019.

Khan, A K; Kausar, H.; Jaferi, S.S.; Drouet, S.; Hano, C.; Abbasi, B.H.; Anjum, S. An insight into the algal evolution and genomics.
Biomolecules 2020, 10, 1524. [CrossRef] [PubMed]

Specht, E.A.; Karunanithi, P.S.; Gimpel, ].A.; Ansari, W.S.; Mayfield, S.P. Host organisms: Algae. Ind. Biotechnol. Microorg. 2017, 2,
605-641.

van den Hoogen, J. Dissecting Cellular Signaling in Phytophthora. Ph.D. Thesis, Wageningen University and Research, Wagenin-
gen, The Netherlands, 2018.

Durairaj, S.; Srikanth, P.; Durairaj, S. Genetic Engineering of Algae. In Phycoremediation Processes in Industrial Wastewater Treatment;
CRC Press: Boca Raton, FL, USA, 2023; pp. 127-145.

Haider, S.; Mussolino, C. Fine-Tuning Homology-Directed Repair (HDR) for Precision Genome Editing: Current Strategies and
Future Directions. Int. J. Mol. Sci. 2025, 26, 4067. [CrossRef]

Ramarajan, M. Development of a Molecular Toolkit to Genetically Engineer The Microalga Nannochloropsis gaditana CCMP526 for
Biotechnology Applications. Ph.D. Thesis, University of Technology Sydney, Ultimo, Australia, 2020.

Li, E Cloning and Expression of Virus-Like Particles (VLPs) in Microalgal Expression Systems. Ph.D. Thesis, University College
London, London, UK, 2019.

Mattoon, E.M.; McHargue, W.E.; Bailey, C.E.; Zhang, N.; Chen, C.; Eckhardt, J.; Daum, C.G.; Zane, M.; Pennacchio, C.; Schmutz, J.
High-throughput identification of novel heat tolerance genes via genome-wide pooled mutant screens in the model green alga
Chlamydomonas reinhardtii. Plant Cell Environ. 2023, 46, 865-888. [CrossRef]

Zadabbas Shahabadi, H.; Akbarzadeh, A.; Ofoghi, H.; Kadkhodaei, S. Site-specific gene knock-in and bacterial phytase gene
expression in Chlamydomonas reinhardtii via Cas9 RNP-mediated HDR. Front. Plant Sci. 2023, 14, 1150436. [CrossRef]

Tran, N.T.; Kaldenhoff, R. Achievements and challenges of genetic engineering of the model green alga Chlamydomonas reinhardtii.
Algal Res. 2020, 50, 101986. [CrossRef]

Naduthodi, M.LS. A “CRISPY” Tale on Microalgal Genome Editing: Featuring Nannochloropsis oceanica IMET1. Ph.D. Thesis,
Wageningen University and Research, Wageningen, The Netherlands, 2021.

Ye, Y; Liu, M.; Yu, L.; Sun, H.; Liu, J. Nannochloropsis as an emerging algal chassis for light-driven synthesis of lipids and
high-value products. Mar. Drugs 2024, 22, 54. [CrossRef]

Kilian, O.; Benemann, C.S.; Niyogi, K.K.; Vick, B. High-efficiency homologous recombination in the oil-producing alga Nan-
nochloropsis sp. Proc. Natl. Acad. Sci. USA 2011, 108, 21265-21269. [CrossRef]

Chernyavskaya, O. Developing Molecular Tools for the Genetic Manipulation of Nannochloropsis; Institutt for bioteknologi: Trondheim,
Norway, 2014.

Serif, M.; Lepetit, B.; Weifiert, K.; Kroth, P.G.; Bartulos, C.R. A fast and reliable strategy to generate TALEN-mediated gene
knockouts in the diatom Phaeodactylum tricornutum. Algal Res. 2017, 23, 186-195. [CrossRef]

Butler, T.; Kapoore, R.V.; Vaidyanathan, S. Phaeodactylum tricornutum: A diatom cell factory. Trends Biotechnol. 2020, 38, 606—-622.
[CrossRef]

Ding, W.; Ye, Y,; Yu, L.; Liu, M.; Liu, J. Physiochemical and molecular responses of the diatom Phaeodactylum tricornutum to
illumination transitions. Biotechnol. Biofuels Bioprod. 2023, 16, 103. [CrossRef]

Nymark, M.; Sharma, A K.; Hafskjold, M.C.; Sparstad, T.; Bones, A.M.; Winge, P. CRISPR/Cas9 gene editing in the marine diatom
Phaeodactylum tricornutum. Bio-Protoc. 2017, 7, €2442. [CrossRef]

Faessler, A.C. Optimising Tools for Metabolic Engineering in the Marine Diatom Phaeodactylum tricornutum. Ph.D. Thesis,
University of Cambridge, Cambridge, UK, 2024.

Ren, Q.; Wang, Y.-c.; Lin, Y; Zhen, Z.; Cui, Y.; Qin, S. The extremely large chloroplast genome of the green alga Haematococcus
pluvialis: Genome structure, and comparative analysis. Algal Res. 2021, 56, 102308. [CrossRef]

Kathiresan, S. Genetic Transformation of Green Alga Haematococcus pluvialis for the Regulation of Carotenoid Biosynthesis. Ph.D.
Thesis, University of Mysore, Mysore, India, 2009.

Steinbrenner, J.; Sandmann, G. Transformation of the green alga Haematococcus pluvialis with a phytoene desaturase for accelerated
astaxanthin biosynthesis. Appl. Environ. Microbiol. 2006, 72, 7477-7484. [CrossRef]

Le-Feuvre, R.; Moraga-Suazo, P.; Gonzalez, J.; Martin, S.S.; Henriquez, V.; Donoso, A.; Agurto-Muiioz, C. Biotechnology applied
to Haematococcus pluvialis Fotow: Challenges and prospects for the enhancement of astaxanthin accumulation. . Appl. Phycol.
2020, 32, 3831-3852. [CrossRef]


https://doi.org/10.1016/j.aquaculture.2024.740803
https://doi.org/10.3390/biom10111524
https://www.ncbi.nlm.nih.gov/pubmed/33172219
https://doi.org/10.3390/ijms26094067
https://doi.org/10.1111/pce.14507
https://doi.org/10.3389/fpls.2023.1150436
https://doi.org/10.1016/j.algal.2020.101986
https://doi.org/10.3390/md22020054
https://doi.org/10.1073/pnas.1105861108
https://doi.org/10.1016/j.algal.2017.02.005
https://doi.org/10.1016/j.tibtech.2019.12.023
https://doi.org/10.1186/s13068-023-02352-w
https://doi.org/10.21769/BioProtoc.2442
https://doi.org/10.1016/j.algal.2021.102308
https://doi.org/10.1128/AEM.01461-06
https://doi.org/10.1007/s10811-020-02231-z

Int. J. Mol. Sci. 2025, 26, 7470 33 of 34

263.

264.

265.

266.

267.

268.

269.

270.

271.
272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.
283.

284.

285.
286.

287.

288.

289.

Liu, Z-W,; Zeng, X.-A.; Cheng, ].-H.; Liu, D.-B.; Aadil, R.M. The efficiency and comparison of novel techniques for cell wall
disruption in astaxanthin extraction from Haematococcus pluvialis. Int. J. Food Sci. Technol. 2018, 53, 2212-2219. [CrossRef]

Shah, M.M.R; Liang, Y.; Cheng, ].J.; Daroch, M. Astaxanthin-producing green microalga Haematococcus pluvialis: From single cell
to high value commercial products. Front. Plant Sci. 2016, 7, 531. [CrossRef]

Shivakumar, S.; Serlini, N.; Esteves, S.M.; Miros, S.; Halim, R. Cell Walls of Lipid-Rich Microalgae: A Comprehensive Review on
Characterisation, Ultrastructure, and Enzymatic Disruption. Fermentation 2024, 10, 608. [CrossRef]

Jia, Y.-L.; Li, J.; Nong, E-T.; Yan, C.-X.; Ma, W.; Zhu, X.-F; Zhang, L.-H.; Sun, X.-M. Application of adaptive laboratory evolution
in lipid and terpenoid production in yeast and microalgae. ACS Synth. Biol. 2023, 12, 1396-1407. [CrossRef]

Sarkar, D. Integrated Modeling of Phototrophic Metabolism Leveraging Multi-Omics Datasets. Ph.D. Thesis, The Pennsylvania
State University, Pennsylvania, PA, USA, 2022.

Gong, Z.; Chen, |.; Jiao, X.; Gong, H.; Pan, D.; Liu, L.; Zhang, Y.; Tan, T. Genome-scale metabolic network models for industrial
microorganisms metabolic engineering: Current advances and future prospects. Biotechnol. Adv. 2024, 72, 108319. [CrossRef]
[PubMed]

Gerken-Starepravo, L.; Zhu, X.; Cho, B.A.; Vega-Ramon, F,; Pennington, O.; del Rio-Chanona, E.A.; Jing, K.; Zhang, D. An MIQP
framework for metabolic pathways optimisation and dynamic flux analysis. Digit. Chem. Eng. 2022, 100011. [CrossRef]
Simeonidis, E.; Price, N.D. Genome-scale modeling for metabolic engineering. . Ind. Microbiol. Biotechnol. 2015, 42, 327-338.
[CrossRef] [PubMed]

Nilsson, A.; Nielsen, ]. Genome scale metabolic modeling of cancer. Metab. Eng. 2017, 43, 103-112. [CrossRef]

Panahi, B.; Khalilpour Shadbad, R. Navigating the microalgal maze: A comprehensive review of recent advances and future
perspectives in biological networks. Planta 2024, 260, 114. [CrossRef]

Parray, J.A.; Yaseen Mir, M.; Shameem, N.; Parray, J.A.; Yaseen Mir, M.; Shameem, N. Advancement in sustainable agriculture:
Computational and bioinformatics tools. In Sustainable Agriculture: Biotechniques in Plant Biology; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 465-547.

Greiner, A.; Kelterborn, S.; Evers, H.; Kreimer, G.; Sizova, I.; Hegemann, P. Targeting of photoreceptor genes in Chlamydomonas
reinhardtii via zinc-finger nucleases and CRISPR/Cas9. Plant Cell 2017, 29, 2498-2518. [CrossRef]

Javaid, D.; Ganie, S.Y.; Hajam, Y.A.; Reshi, M.S. CRISPR/Cas9 system: A reliable and facile genome editing tool in modern
biology. Mol. Biol. Rep. 2022, 49, 12133-12150. [CrossRef]

Selle, K.; Klaenhammer, T.R.; Barrangou, R. CRISPR-based screening of genomic island excision events in bacteria. Proc. Natl.
Acad. Sci. USA 2015, 112, 8076-8081. [CrossRef]

Dziubanska-Kusibab, P.J.; Nevedomskaya, E.; Haendler, B. Preclinical anticipation of on-and off-target resistance mechanisms to
anti-cancer drugs: A systematic review. Int. ]. Mol. Sci. 2024, 25, 705. [CrossRef]

Hosseini, S.Y.; Mallick, R.; Mdkinen, P.; Yla-Herttuala, S. Insights into Prime Editing Technology: A Deep Dive into Fundamentals,
Potentials, and Challenges. Hum. Gene Ther. 2024, 35, 649—-668. [CrossRef]

Manghwar, H.; Li, B.; Ding, X.; Hussain, A.; Lindsey, K.; Zhang, X.; Jin, S. CRISPR/Cas systems in genome editing: Methodologies
and tools for sgRNA design, off-target evaluation, and strategies to mitigate off-target effects. Adv. Sci. 2020, 7, 1902312. [CrossRef]
Medford, J.I; Shih, PM.; De Paoli, H.C.; Trinh, C.T.; McCormick, A.J.; Hussey, S.G.; Myburg, A.A; Erik, J.; Mahmudul, H.; Kalluri,
U.C. Plant biosystems design research roadmap 1.0. In BioDesign Research; Elsevier: Amsterdam, The Netherlands, 2020.

Wu, J.-L.; Zheng, S.-S.; Wang, L.; Xiang, X.; Li, E; Lv, M.-L.; Wu, Q.; Huang, Z.-X.; Miao, H.-B. CRISPR-Cas System-Mediated
Genetic Modification in Bacillus spp.: Current Status and Future. J. Agric. Food Chem. 2025, 73, 14760-14775. [CrossRef]

Li, C. Modelling Liver Disease in Vitro and in Silico. Ph.D. Thesis, King’s College London, London, UK, 2022.

Kim, T.; Ko, M.; Rha, E.; Kim, H.; Lee, H. Microfluidics-driven high-throughput phenotyping and screening in synthetic biology:
From single cells to cell-free systems. Biotechnol. Bioprocess Eng. 2024, 29, 25-33. [CrossRef]

Bjork, S.M.; Joensson, H.N. Microfluidics for cell factory and bioprocess development. Curr. Opin. Biotechnol. 2019, 55, 95-102.
[CrossRef]

Brookes, G.; Smyth, S.J. Risk-appropriate regulations for gene-editing technologies. GM Crops Food 2024, 15, 1-14. [CrossRef]
Giacomella, L. Techno-economic assessment (TEA) and life cycle costing analysis (LCCA): Discussing methodological steps and
integrability. Insights Into Reg. Dev. 2021, 3, 176-197. [CrossRef] [PubMed]

Greene, ]. M. Geographically-Resolved Life Cycle Assessment and Techno-Economic Analysis of Engineered Climate Solutions
With an Innovative Framework for Decision Support. Ph.D. Thesis, Colorado State University, Fort Collins, CO, USA, 2024.
Piergentili, R.; Del Rio, A.; Signore, F; Umani Ronchi, F; Marinelli, E.; Zaami, S. CRISPR-Cas and its wide-ranging applications:
From human genome editing to environmental implications, technical limitations, hazards and bioethical issues. Cells 2021,
10, 969. [CrossRef]

Beacham, T.A.; Sweet, ].B.; Allen, M.]. Large scale cultivation of genetically modified microalgae: A new era for environmental
risk assessment. Algal Res. 2017, 25, 90-100. [CrossRef]


https://doi.org/10.1111/ijfs.13810
https://doi.org/10.3389/fpls.2016.00531
https://doi.org/10.3390/fermentation10120608
https://doi.org/10.1021/acssynbio.3c00179
https://doi.org/10.1016/j.biotechadv.2024.108319
https://www.ncbi.nlm.nih.gov/pubmed/38280495
https://doi.org/10.1016/j.dche.2022.100011
https://doi.org/10.1007/s10295-014-1576-3
https://www.ncbi.nlm.nih.gov/pubmed/25578304
https://doi.org/10.1016/j.ymben.2016.10.022
https://doi.org/10.1007/s00425-024-04543-7
https://doi.org/10.1105/tpc.17.00659
https://doi.org/10.1007/s11033-022-07880-6
https://doi.org/10.1073/pnas.1508525112
https://doi.org/10.3390/ijms25020705
https://doi.org/10.1089/hum.2024.043
https://doi.org/10.1002/advs.201902312
https://doi.org/10.1021/acs.jafc.5c03140
https://doi.org/10.1007/s12257-024-00016-6
https://doi.org/10.1016/j.copbio.2018.08.011
https://doi.org/10.1080/21645698.2023.2293510
https://doi.org/10.9770/IRD.2021.3.2(2)
https://www.ncbi.nlm.nih.gov/pubmed/40688473
https://doi.org/10.3390/cells10050969
https://doi.org/10.1016/j.algal.2017.04.028

Int. J. Mol. Sci. 2025, 26, 7470 34 of 34

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

Sebesta, J.; Xiong, W.; Guarnieri, M.T.; Yu, J. Biocontainment of genetically engineered algae. Front. Plant Sci. 2022, 13, 839446.
[CrossRef] [PubMed]

Kato, Y. An engineered bacterium auxotrophic for an unnatural amino acid: A novel biological containment system. Peer] 2015,
3, e1247. [CrossRef] [PubMed]

Moreno-Garrido, I. Microalgae immobilization: Current techniques and uses. Bioresour. Technol. 2008, 99, 3949-3964. [CrossRef]
[PubMed]

Zhang, H.; Yang, Y.; Wang, C.; Liu, M,; Li, H.; Fu, Y,; Wang, Y.; Nie, Y.; Liu, X.; Ji, W. Large-scale transcriptome comparison reveals
distinct gene activations in wheat responding to stripe rust and powdery mildew. BMC Genom. 2014, 15, 898. [CrossRef]

De Monerri, N.C.S.; Kim, K. Pathogens hijack the epigenome: A new twist on host-pathogen interactions. Am. J. Pathol. 2014, 184,
897-911. [CrossRef]

Patra, D. CRISPR-engineered microalgae: A promising approach for the production of therapeutic proteins. Innov. Mol. Biotechnol.
2023, 11, 1. [CrossRef]

Minhas, W.R.; Saleemi, H.; Raheem, M.E; Khalid, S.S.; Aslam, H.; Ahmad, W. Crispr-Engineered Microbes For Enhanced
Biodegradation of Recalcitrant Pollutants a Genomic Approach to Environmental Remediation. Front. Health Inform. 2024, 13.
[CrossRef]

Mikhaylova, E.V. Crop genome editing—regulations and policies. In Genome Editing and Global Food Security; Routledge: Oxford-
shire, UK, 2023; pp. 212-235.

Winberg, P. Scaling up for New Opportunities in the Practical Use of Algae (Applied Phycology); Rural Industries Research and
Development Corporation: Wagga, Australia, 2011.

McHenry, M. A rural bioeconomic strategy to redefine primary production systems within the Australian innovation system:
Productivity, management, and impact of climate change. In Agriculture Management for Climate Change; Nova Science Publishers:
Hauppauge, NY, USA, 2015; pp. 55-70.

Salehipour-Bavarsad, F.; Nematollahi, M.A.; Pistocchi, R.; Pezzolesi, L. Algal food safety: Possible contaminations, challenges of
harmonized quality assessments, and suggested recommendations for the nascent industry of microalgae-based products. Algal
Res. 2024, 81, 103579. [CrossRef]

Lowe, C.; Minssen, T.; Skentelbery, C. Emerging Biotechnologies in Europe: Foresight for Policy; Joint Research Centre: Brussels,
Belgium, 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2022.839446
https://www.ncbi.nlm.nih.gov/pubmed/35310623
https://doi.org/10.7717/peerj.1247
https://www.ncbi.nlm.nih.gov/pubmed/26401457
https://doi.org/10.1016/j.biortech.2007.05.040
https://www.ncbi.nlm.nih.gov/pubmed/17616459
https://doi.org/10.1186/1471-2164-15-898
https://doi.org/10.1016/j.ajpath.2013.12.022
https://doi.org/10.61577/imb.2023.100004
https://doi.org/10.63682/fhi787
https://doi.org/10.1016/j.algal.2024.103579

	Introduction 
	The CRISPR Toolkit: Core Components Beyond Cutting 
	Foundations for Precision Editing 
	Cas Protein Variants and Algal Adaptability 
	Delivery Strategies: Overcoming the Algal Fortress 
	Harnessing and Optimizing Repair Mechanisms 

	Transcriptional Regulation: CRISPR Activation and Interference (CRISPRa/i) 
	Core Principles 
	Strategies and Case Studies in Microalgae 
	Advantages 

	Epigenome Engineering 
	Core Principles of Epigenome Editing 
	Potential and Applications in Microalgae 

	Base Editing 
	Core Mechanisms of Base Editing 
	Applications in Microalgae 
	Advantages and Limitations 

	Prime Editing: Expanding the Horizon of Precision 
	Multiplexed Genome Engineering: Rewiring Complex Pathways 
	CRISPR Logic Gates and Biosensors: Enabling Smart Control 
	CRISPR-Based Logic Gates 
	Biosensor-Integrated Control for Closed-Loop Regulation 

	CRISPR-Enabled Directed Evolution: Accelerating Strain Optimization 

	Future-Oriented Applications: Integrated CRISPR Strategies for Next-Generation Metabolic Engineering 
	Future Photosynthesis Enhancement: Multi-Layered CRISPR Strategies 
	Next-Generation Lipid/Biofuel Optimization: Integrated Control Systems 
	Advanced Biosynthesis: Engineering High-Value Compound Pathways 
	Prospective Stress Resilience Engineering 
	Future Carbon Utilization Strategies 
	Forward-Looking Industrial Strain Design 

	Challenges, Limitations, and Future Perspectives 
	Microalgae-Specific Challenges 
	Genetic Diversity and Tool Compatibility 
	The Formidable Cell Wall Barrier 
	Transformation and Screening Inefficiency 
	Endogenous CRISPR System Interference 
	Inadequate Chassis Knowledge 

	Toolkit Refinement 
	Enhancing Efficiency, Precision, and Specificity 
	Expanding the Editing Repertoire 

	System Integration and Automation 
	Scaling up Applications and Industrial Considerations 
	Ethical and Biosafety Considerations 
	Towards a CRISPR-Engineered Algal Future 

	Conclusions 
	References

