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Abstract 

The advent of CRISPR/Cas systems has revolutionized plant genome engineering, transitioning from 
traditional single-gene edits to sophisticated multiplex genome editing strategies capable of 
simultaneously targeting multiple loci. This review provides an in-depth examination of CRISPR-
mediated multiplexing technologies in plants, emphasizing their molecular mechanisms, delivery 
systems, and transformative applications in crop improvement. We delineate the evolution of CRISPR 
systems from early programmable nucleases to diverse Class 2 effectors, including Cas9, Cas12, Cas13, 
and emerging ultra-compact variants like CasΦ and Cas14. We detail polycistronic gRNA expression 
platforms—such as tRNA-sgRNA arrays, ribozymes, and Csy4-mediated cleavage—that enable 
efficient multi-target editing within compact vectors. Furthermore, we explore advanced delivery 
modalities including Agrobacterium, biolistics, protoplast transfection, and viral vectors, optimized for 
recalcitrant plant systems. Applications span yield enhancement, disease resistance, abiotic stress 
tolerance, nutritional fortification, and de novo domestication. Critical challenges including off-target 
mutagenesis, mosaicism, chromosomal rearrangements, and regulatory constraints are addressed. 
Finally, we highlight AI-driven sgRNA design, multi-omics integration, and CRISPR libraries as pivotal 
tools to rationalize and scale multiplex editing. This synthesis underscores multiplex CRISPR as a 
cornerstone of next-generation plant breeding, with the potential to redefine global agriculture through 
precision trait stacking and rapid varietal development. 

Keywords: CRISPR/Cas Multiplexing; Plant Genome Editing; Polygenic Trait Engineering; sgRNA 
Expression Strategies; Precision Crop Improvement 
 

1. Introduction 

Plant breeding has evolved from slow, traditional cross-hybridization and mutation breeding into 
the era of precise genome editing [1]. Early techniques like zinc-finger nucleases (ZFNs) and TALENs 
allowed targeted DNA cuts but required re-engineering a new protein for each target [2]. In contrast, 
CRISPR/Cas systems use a simple guide RNA for target recognition via base complementarity, vastly 
simplifying multiplexed genome editing [3]. This ease of reprogramming means that multiple genes 
can be edited simultaneously by introducing single-guide RNAs (sgRNAs) with a single Cas nuclease 
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[4]. The ability to modify several loci at once is transformative for improving polygenic traits (e.g. yield, 
stress resistance) that typically require the pyramiding of many alleles across breeding cycles [5]. By 
inducing multiple heritable mutations in one generation, CRISPR multiplexing can bypass extensive 
multi-generational crossing, accelerating crop improvement to meet global food demands [6]. 

CRISPR’s impact on plant genome editing builds upon decades of progress in genome 
engineering. The first programmable nucleases Zinc Finger Nucleases (ZFNs) in the 1990s and 
Transcription Activator-Like Effector Nucleases (TALENs) in the 2000s demonstrated that targeted 
mutagenesis could improve traits, even in complex polyploid crops like sugarcane [7]. However, 
multiplex editing using TALENs was limited, as each TALEN pair required separate construction. In 
2012–2013, the CRISPR/Cas9 system from Streptococcus pyogenes was adapted for genome editing [8]. 
Within a year, multiple studies confirmed its ability to edit plant genomes and induce simultaneous 
mutations in several genes. Notable early examples included multiplex editing in rice and Arabidopsis 
in 2013 [9], and the knockout of all three homeologs of a gene in hexaploid wheat by 2014 [10]. Since 
then, the CRISPR toolbox has rapidly evolved to include diverse Cas nucleases, compact variants, base 
editors, and more. This review explores the current landscape of CRISPR-mediated multiplex genome 
editing in plants from its molecular basis to its emerging applications in agriculture. 

Multiplex genome editing has become essential for improving complex agronomic traits, such as 
yield and stress tolerance, which are often regulated by interconnected gene networks rather than single 
genes [6]. Traditional breeding requires laborious crosses and selection to manipulate these networks, 
frequently resulting in unwanted linkage drag [11]. In contrast, CRISPR multiplexing enables precise, 
simultaneous modification of multiple genes or QTLs directly in elite cultivars, eliminating the need 
for extensive crossing [12]. For example, targeting entire gene families can reveal functional 
redundancies or generate more robust trait outcomes than single-gene edits alone [13]. This approach 
is particularly valuable for traits like drought tolerance, which may involve the coordinated regulation 
of hormonal pathways and transcription factors. With growing pressure from climate change and the 
need to ensure global food security, multiplex gene editing offers a rapid, efficient strategy to stack 
multiple traits such as yield, nutrient use efficiency, and stress resilience within a single generation [14]. 
The following sections review CRISPR/Cas systems, current multiplexing strategies, and their 
revolutionary impact on plant biology and crop improvement. 

2. Evolution and Fundamentals of CRISPR/Cas Systems 

Prokaryotic immune origins: CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats) and their associated (Cas) proteins originated in bacteria and archaea as an adaptive immune 
system to defend against viruses (phages) and plasmids [15]. Within a CRISPR locus, short fragments 
of foreign DNA known as spacers are integrated between palindromic repeat sequences, serving as a 
molecular record of previous infections [16]. These loci are transcribed and processed into CRISPR 
RNAs (crRNAs), which guide Cas nucleases to complementary sequences in invading genomes, 
resulting in their targeted cleavage and neutralization [17]. CRISPR systems are broadly classified into 
two major classes 

Class 1 systems use multi-component effector complexes (multiple Cas proteins) [18]. For 
example, Type I systems use a Cascade complex to bind DNA and a separate trans-acting nuclease 
(Cas3) to degrade the DNA. Cas3 is a helicase-nuclease "DNA shredder" that chews target DNA in one 
direction, causing large deletions rather than precise cuts [19]. Class 1 systems are less harnessed for 
genome editing due to their complexity, though emerging efforts aim to repurpose them for large 
integrations [20,21]. 

Class 2 systems use a single protein effector that performs both target recognition (with the 
crRNA) and cleavage [22]. Class 2 encompasses the familiar Cas9 and Cas12 nucleases (targeting DNA) 
and Cas13 (targeting RNA). These single-component systems are more tractable for engineering and 
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have become the principal tools for genome editing [23]. Within Class 2, there are multiple types: Type 
II (Cas9), Type V (Cas12 variants), Type VI (Cas13), etc., each with distinct properties. 

A schematic overview of the CRISPR–Cas system’s prokaryotic origins, classification, and 
engineered effectors is shown in Figure 1. 

Mechanism of Streptococcus pyogenes Cas9 (SpCas9) is the archetypal Class 2 nuclease used in plant 
genome editing [24]. Cas9 is ~1368 amino acids (~160 kDa) and forms a ribonucleoprotein with a dual 
RNA guide: the crRNA (target-specific ~20 nt guide) and a trans-activating tracrRNA (or fused as a 
single sgRNA) [25]. The SpCas9-sgRNA complex recognizes a short PAM (Protospacer Adjacent Motif) 
sequence (originally NGG) on the target DNA strand, then the sgRNA hybridizes to the 
complementary sequence [26]. Cas9 introduces a blunt double-strand break (DSB) ~3 bp upstream of 
the PAM. SpCas9 has been extensively engineered, yielding dozens of variants with altered PAM 
specificities and improved specificity [27]. 

 
Figure 1. Overview of CRISPR–Cas systems: origin, classification, and engineered variants for genome editing. 
(A) Prokaryotic immune origins of CRISPR systems: the CRISPR locus consists of alternating repeat and spacer 
sequences derived from invading nucleic acids (e.g., phages), which are transcribed and processed into CRISPR 
RNAs (crRNAs) to guide Cas nucleases for specific cleavage of foreign DNA. (B) Classification of CRISPR–Cas 
systems into Class 1 (multi-component complexes such as Cascade–Cas3) and Class 2 (single-effector proteins 
including Cas9, Cas12, and Cas13). Class 2 systems are more tractable for genome editing due to their simplicity. 
(C) Engineered SpCas9 and other Cas variants for broadened PAM recognition, RNA targeting, and compact 
delivery. Shown are widely used variants including SpCas9-NG (NGN PAM), xCas9 3.7 (expanded targeting), 
SpRY (near-PAMless), SaCas9 (compact form), Cas12a (staggered DSB), and Cas13 (RNA-targeting), along with 
hypercompact systems like CasΦ and Cas14. These tools are being extensively harnessed in plant genome 
engineering. 

One major limitation of wild-type SpCas9 is its strict NGG PAM requirement, which restricts 
targeting, especially in AT-rich genomic regions. To overcome this, several engineered Cas9 variants 
have broadened PAM compatibility [28]. SpCas9-NG recognizes NGN PAMs (e.g., NGA, NGT), while 
xCas9 3.7, developed through phage-assisted evolution, expands targeting to NG, GAA, and GAT 
sequences, albeit with reduced activity at some sites [29]. SpG efficiently targets NGN sites, and SpRY 
is nearly PAM-less, recognizing NRN and NYN sequences with high editing efficiency and minimal 
off-target effects [30]. SaCas9, a compact Cas9 ortholog (~1053 aa) from Staphylococcus aureus, recognizes 
NNGRRT PAMs and is ideal for delivery via size-constrained vectors, offering an alternative when 
SpCas9 is limited by size or PAM availability [31]. Other CRISPR systems also broaden editing 
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capabilities. Cas12a (Cpf1), a Type V effector (~1300 aa), introduces 5′ staggered cuts downstream of a 
T-rich PAM (TTTV), processes its own crRNAs, and enables multiplex editing using a single Pol III 
promoter—commonly used variants in plants include LbCas12a and AsCas12a [32]. Cas12b (~1100 aa), 
once limited by temperature sensitivity, now functions efficiently in plants through engineered 
versions like BhCas12b v4, recognizing TTN PAMs [33]. Cas13, a Type VI effector (e.g., LwaCas13a, 
Cas13b), targets ssRNA instead of DNA and exhibits collateral RNase activity—useful for diagnostics 
(e.g., SHERLOCK) but less suited for precise editing [34]. In plants, Cas13 enables RNA knockdown 
without genome modification, offering virus resistance and high specificity, with the ability to 
distinguish single-nucleotide changes [35]. Cas7-11, a fusion of Cas7 and Cas11, provides precise RNA 
editing without collateral activity, reducing toxicity [36]. Recent discoveries of compact CRISPR 
effectors further expand the genome editing toolkit, particularly for plant systems where vector size is 
limiting. CasΦ (Cas phi), a ~70 kDa phage-encoded nuclease, performs both crRNA processing and 
DNA cleavage using a minimal PAM (TBN), functioning effectively in plants [37]. Cas14 (Cas12f), an 
ultra-small enzyme (400–700 aa), targets ssDNA without PAM dependency and, though used mainly 
in diagnostics, holds promise for editing ssDNA viruses in plants [38]. CasX and CasY, discovered via 
metagenomic mining, are compact Type V nucleases (<1000 aa) that cleave dsDNA, with CasX creating 
5′ overhangs and targeting T-rich PAMs [39]. Their structural divergence from Cas9 may reduce 
immune responses. Additionally, novel phage-derived nucleases such as CasΩ, Casμ, and Casλ offer 
unique, compact editing properties that are still being explored [40,41]. To increase precision, high-
fidelity Cas variants like SpCas9-HF1 and eSpCas9 (1.1) have been engineered by introducing alanine 
substitutions at DNA-contact points, limiting cleavage to perfectly matched sequences [42]. These are 
widely used in plants, especially during multiplex editing where off-target risks increase. Another 
approach involves fusing Cas9 with anti-CRISPR proteins like AcrIIA4 linked to cell-cycle regulators, 
restricting activity to HDR-favorable stages [43]. A summary of representative CRISPR–Cas genome 
editors and their features is provided in Table 1. While some advanced variants extend beyond this 
review’s scope, they play a critical role in improving the safety and precision of multiplex genome 
editing in plants. 
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Table 1. Representative CRISPR-Cas genome editors and their features. 

Cas Protein Type (Class) Size (aa) / Complex Target & Cut PAM / Target Motif Notable Features 

SpCas9 (wild-

type) 

II-A (Class 2) ~1368 aa, sgRNA:crRNA+tracrRNA DNA, blunt DSB (3 

bp from PAM) 

NGG (also NAG at 

lower efficiency) 

Most widely used; numerous variants (e.g. SpCas9-NG, 

SpRY) expand PAM to NRN/NYN. Requires tracrRNA. 

SaCas9 II-A (Class 2) ~1053 aa, sgRNA DNA, blunt DSB NNGRRT ~25% smaller than SpCas9, useful for delivery; different 

PAM. Efficient in some plants after codon optimization. 

Cas12a 

(Lb/AsCpf1) 

V-A (Class 2) ~1300 aa, crRNA (42 nt) DNA, staggered 

DSB (5’ overhang) 

TTTV (e.g. TTTA, 

TTTG) 

No tracrRNA needed; processes its own array of crRNAs. 

Cuts distal to PAM (~, allowing large fragment deletions or 

repeat cutting. High AT-targeting ability and specificity. 

Cas12b 

(BhCas12b) 

V-B (Class 2) ~1100 aa, crRNA DNA, staggered 

DSB 

TBD (e.g. TTN) Smaller type V; engineered variants (e.g. BhCas12b v4) 

active at 37°C for plants. Potential for compact multiplex 

tools. 

CasΦ V? (Class 2, 

phage) 

~70 kDa (~600 aa), crRNA DNA, DSB 

(overhang unclear) 

Minimal PAM (e.g. 

TBN) 

Hypercompact single-effector from phages; single active 

site for crRNA processing & cleavage. Active in plant cells; 

easier delivery due to small size. 

Cas14a (Cas12f) V-F (Class 2) ~400–700 aa, crRNA ssDNA, multiple 

cuts (collateral 

activity) 

None (no strict PAM) Extremely small; cleaves single-stranded DNA with high 

single-base mismatch sensitivity. Useful for diagnostics; 

potential to target ssDNA viruses. 
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CasX V-E (Class 2) ~980 aa, crRNA DNA, DSB (5’ 

overhang) 

TTCN (for DxCasX 

variant) 

Discovered in Duggariela bacteria; independently evolved 

from Cas9/Cas12. Compact and non-immunogenic (from 

non-human microbes). Efficient editing in E. coli and human 

cells; being adapted for plants. 

Cas13a 

(LwaCas13a) 

VI (Class 2) ~1250 aa, crRNA ssRNA, multiple 

cleavage (collateral 

RNase) 

Requires protospacer-

flanking A/U/C (no 

DNA PAM) 

RNA-specific editing (transient knockdowns). Collateral 

RNase used for viral RNA detection. Cas13 variants (a–d) 

can be repurposed for virus resistance in plants without 

genomic changes. 

dCas9 or dCas12a (engineered) As above but catalytically dead DNA (no cleavage) NGG (SpCas9) or 

TTTV (Cas12a) 

DNA-binding platform for base editors (e.g. CBE, ABE) 

and epigenome modifiers. dCas9 fused to deaminase 

yields precise single-base changes without DSB. Fusions to 

activators (CRISPRa) or repressors (CRISPRi) enable gene 

regulation without mutation. 
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3. Mechanisms of Multiplex Genome Editing 

3.1. DNA Double-Strand Break Repair Pathways 

The indel mutations and targeted modifications achieved by CRISPR ultimately rely on the cell’s 
DNA repair machinery following a nuclease-induced break. In plant cells, three major DSB repair 
pathways can be leveraged. The dominant route, non-homologous end joining (NHEJ), directly ligates 
broken ends, often introducing small insertions or deletions (indels) that disrupt gene function. NHEJ 
operates throughout the cell cycle and is typically responsible for independent indels at each locus 
during multiplex editing [44]. Microhomology-mediated end joining (MMEJ) uses short homologous 
sequences near break sites to guide repair, resulting in predictable deletions. MMEJ can be strategically 
leveraged—for example, to excise specific gene regions or remove selection markers—though it is 
generally less efficient than NHEJ [45]. Homology-directed repair (HDR) offers precise modification 
using a donor template, enabling gene replacements or insertions. HDR is rare in differentiated plant 
cells but can be enhanced in dividing tissues, via geminiviral replicons, or by inhibiting NHEJ [46]. 

When multiplex editing (multiple DSBs) is introduced, these pathways can act independently at 
each break. It’s not uncommon to see different repair outcomes at each target: for instance, one gene 
may acquire a 1 bp insertion while another undergoes a 20 bp deletion [47]. If two target sites are close 
on the same chromosome, simultaneous breaks can lead to a larger deletion of the intervening segment 
or chromosomal rearrangements, an important consideration in designing multiplex experiments to 
avoid unintended large deletions [48] (see Challenges section). 

3.2. Polycistronic Guide RNA Strategies 

A central challenge in multiplex editing is how to express multiple gRNAs in plant cells efficiently 
[49]. Early multiplex attempts simply stacked several U6 promoter–sgRNA cassettes in one vector, 
which is effective for a handful of targets but becomes unwieldy as the number grows [50]. To overcome 
this, several elegant strategies have been developed to produce multiple guides from a single transcript 
(Figure 2): 
• Tandem CRISPR array with direct repeats: In their native systems, Cas nucleases process long 

precursor transcripts containing multiple spacers separated by repeats [51]. This natural 
mechanism is exploited in Cas12a-based multiplexing, where a single Pol III promoter (e.g., U3 or 
U6) drives a compact crRNA array formatted as repeat–spacer1–repeat–spacer2––repeat–spacerN. 
Cas12a’s built-in RNase activity autonomously cleaves the repeats, releasing mature crRNAs for 
each target [52]. This enables efficient, simultaneous editing at 6–8 loci using a minimal construct. 
In contrast, Cas9 lacks self-processing ability, requiring a separate tracrRNA for each spacer [53]. 
Therefore, multiplexing with Cas9 demands more complex synthetic arrays or alternative 
strategies involving external processing systems. 

• tRNA–gRNA system (PTG): Xie et al. (2015) developed the PTG (polycistronic tRNA–gRNA) 
system, where tRNAs flank sgRNAs in a single transcript under a U6 promoter [54]. Plant RNases 
process the tRNAs, releasing functional sgRNAs [55]. This strategy enabled efficient multiplex 
editing in rice and Arabidopsis, with only a slight drop in efficiency as unit number increased [56]. 
PTG remains popular for its simplicity and native processing. 

• Ribozyme-based self-processing: This method uses self-cleaving ribozymes (hammerhead and 
HDV) flanking each sgRNA, enabling a single Pol II transcript to yield multiple sgRNAs [57]. Tang 
et al. (2016) showed a maize ubiquitin promoter-driven cassette expressing Cas9 + 6 ribozyme-
flanked sgRNAs, achieving high editing efficiency [58]. Ribozymes cleave in cis, work under Pol 
II or III, and allow compact, all-in-one constructs ideal for viral or single-vector delivery. 

• Csy4 cleavage system: Csy4, an RNA endoribonuclease from Pseudomonas, recognizes a 20-nt 
hairpin and cleaves 3’ of it [59]. When Csy4 hairpins are appended to sgRNAs in a Pol II transcript, 
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co-expressed Csy4 precisely releases individual sgRNAs [60,61]. Tsai et al. and Cermák et al. 
applied this for plant multiplexing; Cermák found Csy4 outperformed tRNA and ribozyme 
systems, efficiently processing up to 12 sgRNAs in tomato [62]. The trade-off is the need to co-
express the ~600 bp csy4 gene, but its clean cleavage and minimal scar make it well-suited for 
complex editing [63]. 

• MicroRNA-based systems (Drosha/Dicer): miRNA-based sgRNA expression leverages the 
plant’s own miRNA processing machinery. sgRNAs are embedded in native miRNA backbones 
(e.g., OsMIR528, AtMIR390), allowing Drosha/DCL1 and Dicer to process the pri-miRNA into 
functional sgRNAs [64]. Multiple sgRNAs can be multiplexed in a single Pol II transcript. Though 
sometimes less efficient than tRNA or ribozyme systems, this method enables tissue-specific or 
inducible expression and has been successfully used in Arabidopsis and rice for multi-gene 
knockouts. 
Each of these strategies has pros and cons. Pol III-based strategies (U6-driven arrays or tRNA 

processing) are generally simple and produce high levels of sgRNAs in most cell types, but Pol III 
promoters are small and lack regulatory elements for tissue control. Pol II strategies (ribozyme, miRNA, 
Csy4) can be coupled with strong or inducible promoters and even included on the same transcript as 
Cas9, but they involve more complex design. Table 2 provides a comparative overview of multiplex 
gRNA expression techniques in plants. 

 
Figure 2. DNA repair pathways following CRISPR-induced double-strand breaks (DSBs) and strategies for 
multiplex guide RNA (gRNA) expression. (A) Three major DNA DSB repair mechanisms in plant cells: non-
homologous end joining (NHEJ), the dominant and error-prone repair pathway; homology-directed repair (HDR), 
which uses a donor template for precise edits; and microhomology-mediated end joining (MMEJ), which leverages 
short homologous sequences to mediate predictable deletions. (B) Overview of polycistronic gRNA expression 
strategies used for multiplex CRISPR editing in plants. These include multiple U6 promoters, the tRNA–gRNA 
(PTG) system, ribozyme-based self-processing, Csy4-mediated cleavage, miRNA-based expression (Drosha/Dicer), 
and the Cas12a array approach. Each method facilitates the expression of multiple sgRNAs or crRNAs from a 
single construct using distinct RNA processing mechanisms. 
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3.3. Ultra-Multiplexing Capacity 

Ultra-multiplex CRISPR enables editing of dozens of genes simultaneously, limited mainly by 
construct size and sgRNA expression. Studies routinely deliver >10 sgRNAs, and a record system in 
rice (GoGo/pKOCK) assembled 48 sgRNAs targeting 49 cytokinin-related genes using modular U6 
promoters [65]. In sugarcane, CRISPR/TALENs mutated 100+ alleles across a gene family [66]. These 
tools allow large-scale, combinatorial editing of complex traits (yield, metabolism, architecture), 
enabling single-step rewiring of entire pathways and phenotypic screening at unprecedented scales. 

Table 2. Strategies for expressing multiple guide RNAs in plants. 

Strategy Mechanism & Components Example Usage and Performance 

Multiple U6 
cassettes(Pol III 

promoters) 

Each sgRNA is expressed from 
a separate U6/U3 small RNA 

promoter. Simple but increases 
vector size linearly with guide 

number. 

Common in early multiplex experiments 
(2–4 targets). E.g., 4 U6-driven sgRNAs in 

tomato to mutate four loci [67]. Efficient for 
few targets, but >6 cassettes becomes 

cumbersome. 

tRNA–sgRNA 
array(Pol III, 

PTG) 

Tandem tRNA–sgRNA units 
transcribed as one RNA. 

Endogenous RNase P/Z cleave 
at tRNA ends, releasing 

sgRNAs. 

Xie et al. (2015) edited 4 genes in rice with 
one PTG transcript [54]. High editing rates, 

though very large arrays see some 
efficiency drop-off. Supports >10 guides. 

Ribozyme 
flanks(Pol II or 

Pol III) 

Each sgRNA is flanked by self-
cleaving ribozymes (HH and 

HDV). After transcription, 
ribozymes auto-cleave to yield 

individual sgRNAs. 

Tang et al. (2016) achieved 6 multiplex edits 
in rice from a single Pol II transcript (UBI 
promoter) [58]. Very efficient (up to 100% 

mutant frequency per target). Modular and 
portable to any promoter. 

Csy4-
mediated(Pol II) 

sgRNAs separated by Csy4 
recognition sequences. Co-
express Csy4 RNase which 

cleaves and releases sgRNAs. 
Requires adding Csy4 protein. 

Cermák et al. (2017) multiplexed 8 sgRNAs 
in tomato; Csy4 system gave highest 

editing efficiency vs tRNA or ribozymes. 
Also used for large deletions with up to 12 
guides. Extra burden of expressing Csy4, 

but highly effective. 

miRNA-
based(Pol II, 

Drosha/Dicer) 

sgRNAs embedded in 
endogenous miRNA stem-

loops. The pri-miRNA 
transcript is processed by 
Drosha/DCL1, releasing 

sgRNAs (as faux miRNAs). 

Used in Arabidopsis: 2–3 sgRNAs designed 
into AtMIR390 backbone, driven by RPS5a 
promoter, yielded heritable edits without 
transgenes (in a haploid inducer system) 
[68]. Efficiency can be lower, but allows 

tissue-specific promoters for sgRNA 
expression. 
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Cas12a array(Pol 
III, self-process) 

A single CRISPR array (repeats 
and spacers) transcribed; 

Cas12a cleaves the repeats to 
release crRNAs. No tracrRNA 

needed. 

FnCas12a edited 4 targets in soybean from 
one array (driven by LjU6) with 20–50% 
efficiency per locus [69]. Very compact – 

one promoter for many guides – but 
limited to Cas12a or Cas12j systems. 

4. Expression Systems for Multiple gRNAs 

Delivering multiple guide RNAs into plant cells requires not only clever transcript processing but 
also robust expression units and vector architectures. Key considerations include the choice of promoter 
for sgRNAs, how to co-express the Cas nuclease, and regulatory elements like introns and nuclear 
localization signals to enhance expression. 

4.1. Pol III vs. Pol II Promoters 

RNA polymerase III promoters like U6 and U3 are commonly used for sgRNA expression due to 
their short, constitutive nature and ability to produce non-polyadenylated transcripts—crucial for 
sgRNA functionality [70]. They are effective across plant species but lack tissue or temporal specificity 
and make constructs bulky and repetitive when multiple U6 cassettes are used. In contrast, Pol II 
promoters (e.g., CaMV 35S, ZmUbiquitin, EC1.2) offer greater flexibility, enabling tissue-specific, 
inducible, or polycistronic sgRNA expression when combined with processing elements like ribozyme, 
Csy4, or miRNA scaffolds [49]. This allows precise control of editing events, reduces mosaicism, and 
supports germline transmission. Hybrid systems are often adopted: Pol III for 2–6 sgRNAs, and Pol II-
based systems for larger arrays or conditional expression [71]. Cas12a, with its self-processing activity, 
further simplifies multiplexing by requiring only a single Pol III promoter for multiple crRNAs [72]. 
Figure 3 illustrates comparative architectures of Pol III- and Pol II-driven sgRNA expression systems 
and modular assembly approaches. 

 
Figure 3. Expression strategies and modular assembly for multiplexed CRISPR/Cas delivery in plants. (A) Pol 
III-driven expression of sgRNAs using U6 promoters, suitable for constitutive, non-polyadenylated guide 
expression, commonly paired with T-DNA vectors. (B) Pol II-driven all-in-one constructs encoding Cas9 and 
sgRNA arrays within a single transcript, leveraging 2A peptides and ribozyme or Csy4-based processing for 
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efficient guide maturation. (C) Modular assembly of CRISPR vectors using systems like Golden Gate or MoClo, 
enabling combinatorial cloning from standard parts (promoters, sgRNA scaffolds, terminators) into T-DNA 
vectors for delivery. Delivery formats include stable Agrobacterium-mediated transformation or transient/virus-
based expression for flexibility across plant systems. 

4.2. Single Versus Multiple Transcripts 

In multiplex genome editing, Cas9 (or Cas12) and sgRNAs can be expressed from separate 
transcripts—typically, Cas9 under a Pol II promoter and each sgRNA under individual Pol III 
promoters [73]. Alternatively, “all-in-one” designs encode both Cas9 and sgRNA arrays in a single Pol 
II transcript, using ribozyme or Csy4 elements for sgRNA processing and 2A peptides for polyprotein 
cleavage [74]. This approach ensures co-delivery and synchronized expression, often improving editing 
efficiency. However, assembling large all-in-one constructs can be technically difficult and may reduce 
transcript stability or transformation efficiency due to transcript size constraints in planta. 

4.3. Codon Optimization, Introns, and NLS 

Efficient Cas9/Cas12 expression in plants requires codon optimization to match plant-preferred 
codons and remove unwanted RNA motifs [75]. Modern constructs often use Arabidopsis- or maize-
optimized Cas9, with SV40 nuclear localization signals (NLS) at one or both termini to ensure nuclear 
targeting—critical for activity [76], as Cas proteins are ineffective if retained in the cytoplasm. 
Additionally, intron insertion into the Cas9 gene (Intron-Mediated Enhancement, IME) significantly 
boosts expression and editing efficiency by enhancing mRNA stability, export, or avoiding gene 
silencing [77]. For example, intron-optimized Cas9 driven by the 35S promoter showed higher 
mutagenesis than intron-less versions [78]. Many current vectors include synthetic or native introns 
(e.g., petunia TEF1α intron) to maximize performance in planta [79]. 

4.4. Promoter choices for Cas9 

Cas9 is typically driven by a strong, constitutive Pol II promoter to ensure robust expression across 
plant tissues. Widely used promoters include CaMV 35S [80], AtUBQ10 (Arabidopsis Ubiquitin-10) 
[81], ZmUBI (Maize Ubiquitin) [82], and Actin promoters [83]. However, for achieving heritable edits, 
germline-specific promoters like EC1.2 (egg cell-specific) or SPOROCYTE (pollen-specific) are 
preferred [84,85], as they confine Cas9 activity to reproductive cells, producing non-chimeric, stably 
edited progeny. For example, in soybean, egg cell-specific expression of Cas9 transformed somatic 
mutations into inheritable edits in the T1 generation [86]. An advanced method called HI-Edit [87], 
which expresses Cas9 in a haploid inducer background (e.g., maize), enables the generation of edited 
progeny without transgene integration. Ultimately, the choice of promoter for Cas9 can be tailored to 
the experimental goal ubiquitous promoters for broad editing or tissue-specific promoters to enhance 
germline editing efficiency and reduce somatic off-target effects. 

4.5. Golden Gate and Modular Assembly Systems 

Building CRISPR multiplex vectors can be complex, but modular cloning systems like Golden Gate 
[88], MoClo [89], and GoldenBraid [90] streamline the process. GoldenBraid 4.0 (GB4.0) simplifies plant 
genome engineering by offering ready-to-use parts (promoters, sgRNA scaffolds, terminators) and one-
step assembly. GB4.0 enables quick swapping of promoters or addition of guides, and allows 
integration of markers like fluorescent tags for Cas9. Using a one-tube reaction, researchers can 
assemble T-DNA vectors carrying Cas9 and multiple U6-sgRNA modules [91]. GB4.0 was successfully 
used to edit gene families in tobacco. Similarly, Plant MoClo [92] and CRISPR-ABC [93] kits support 
efficient multiplex editing in academic labs. 
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4.6. Vector Delivery Formats 

For stable transformation, binary T-DNA vectors (via Agrobacterium) are widely used and can 
carry Cas9 with up to ~10 sgRNAs (T-DNA < 20 kb) [94]. Larger constructs may reduce transformation 
efficiency. For transient or virus-based delivery, compact all-in-one designs are preferred, often using 
smaller Cas variants or transgenic lines expressing Cas9 with sgRNAs delivered by virus [95]. Modern 
multiplex CRISPR systems—featuring strong promoters, codon-optimized Cas9 with NLS and introns, 
and efficient gRNA expression—enable high editing efficiency at multiple loci. These advancements 
have made complex plant genome engineering highly feasible. 

5. Delivery Systems for Mulplex-CRISPR Components in Plants 

Successfully editing plant genomes requires getting the CRISPR-Cas machinery (Cas proteins or 
their genes, and guide RNAs) into plant cells. Plants pose additional challenges for delivery compared 
to animal systems due to the rigid cell wall, need for regenerating whole plants from edited cells, and 
often longer generation times. A variety of delivery methods have been developed (Figure 4), including 
both traditional transformation platforms and novel nanotechnology or virus-based approaches. 

Agrobacterium-mediated delivery: Agrobacterium tumefaciens, a soil bacterium that naturally 
transfers T-DNA into plant genomes, is the most widely used method for delivering CRISPR constructs 
in plants, particularly for stable transformation [96]. Cas9 and sgRNA cassettes are inserted into binary 
T-DNA vectors, which Agrobacterium transfers into plant cells like embryogenic calli or explants. The 
integrated T-DNA enables expression of editing components, leading to targeted genome 
modifications. This method is efficient, relatively simple, and effective across many species—especially 
dicots (e.g., tomato, tobacco, soybean) and optimized monocots (e.g., rice) [97]. Regenerated T₀ plants 
often carry heritable edits, and segregation of the T-DNA in the next generation yields transgene-free 
lines [98]. For instance, CRISPR editing of OsERF922 in rice via Agrobacterium produced ~50% disease-
resistant mutants [99]. Agrobacterium’s ability to carry large T-DNA constructs makes it suitable for 
multiplex editing. However, transformation efficiency remains species- and genotype-dependent, and 
tissue culture steps are labor-intensive [100]. 

 
Figure 4. Delivery platforms for CRISPR-Cas genome editing in plants. A variety of methods are employed to 
introduce CRISPR components into plant cells, each suited to different species, tissues, and experimental 
objectives. (A) Agrobacterium tumefaciens-mediated delivery of T-DNA vectors carrying Cas9 and sgRNA 
cassettes enables stable transformation in many dicots and optimized monocots. (B) Biolistic (particle 
bombardment) delivery propels CRISPR plasmids or RNPs into embryogenic tissues using a gene gun, offering 
flexibility for species like maize and wheat. (C) Protoplast transfection through PEG-mediated uptake or 
electroporation of plasmids or RNPs supports DNA-free editing but is constrained by regeneration efficiency. (D) 
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Viral vectors (e.g., TRV, geminivirus) allow systemic delivery of CRISPR components, particularly sgRNAs or 
compact Cas variants, and nanoparticle-based delivery (e.g., carbon nanotubes, lipid or gold nanoparticles) offers 
minimally invasive, DNA-free options. (E) Tissue culture and regeneration considerations, including morphogenic 
regulators (e.g., BBM, WUS), play a critical role in achieving successful regeneration of edited plants, particularly 
in recalcitrant species. 

Biolistics (particle bombardment): Biolistic delivery (gene gun) propels DNA or RNA coated 
gold/tungsten particles into plant cells and is commonly used for species less responsive to 
Agrobacterium, such as maize, wheat, and barley [101,102]. For stable transformation, CRISPR 
plasmids are delivered into embryogenic tissues, where they may integrate and express the transgene. 
This method accommodates large DNA constructs and co-delivery of elements like Cas and HDR 
templates [103]. It enabled the first CRISPR edits in maize via Cas9/sgRNA plasmid bombardment 
[104]. Biolistics also enables transgene-free editing by delivering Cas9–sgRNA ribonucleoproteins 
(RNPs) directly into cells; for example, Liang et al. (2017) achieved targeted, DNA-free edits in maize 
[105]. 

Protoplast transfection: Protoplast-based delivery uses enzymatic digestion to remove plant cell 
walls, allowing uptake of CRISPR components via PEG or electroporation [106]. Commonly used for 
transient expression in species like rice or lettuce, it enables rapid edit detection (1–2 days) using 
plasmid DNA or Cas9–sgRNA RNPs, supporting DNA-free editing. It's valuable for testing CRISPR 
variants (e.g., SpCas9, LbCas12a). The main limitation is regenerating whole plants, feasible only in 
species with efficient tissue culture (e.g., lettuce, cabbage, sorghum). In such cases, RNP-edited 
protoplasts can regenerate into transgene-free plants. For example, editing potato protoplasts with Cas9 
RNPs targeting Vlnv and Asn1 reduced acrylamide content without foreign DNA integration [107]. 

Viral vectors (virus-induced genome editing, VIGE): Editing VIGE uses engineered plant viruses 
to deliver CRISPR components, avoiding tissue culture [108]. Due to limited cargo capacity, viruses 
typically carry sgRNAs or compact Cas variants, not full-length SpCas9. The common strategy involves 
Cas9-transgenic plants infected with viral vectors (e.g., TRV, gemini viruses) delivering sgRNAs for 
systemic editing. TRV enabled somatic and heritable edits in tobacco, while gemini viruses, with higher 
replication and cargo capacity, improved HDR efficiency, as shown in tomato gene knock-ins [109]. 
Viruses facilitate multiplex editing by spreading sgRNAs throughout the plant, even to meristems, 
often using tRNA-based sgRNA processing [110]. Though mosaicism can hinder uniformity, 
regenerating from infected tissues or targeting reproductive organs enhances germline edits [111]. 
Some systems co-deliver compact Cas variants like SaCas9 (~3.2 kb) with sgRNAs, demonstrated in 
lettuce [112]. 

Nanoparticle and novel delivery: Nanotechnology-based delivery offers non-viral, non-biological 
methods to introduce CRISPR components into plants using materials like carbon nanotubes (CNTs), 
gold nanoparticles (AuNPs), and lipid nanoparticles (LNPs) [113]. Functionalized single-walled CNTs 
have successfully delivered plasmid DNA and Cas9 RNPs into Eruca sativa and Nicotiana benthamiana 
leaves, enabling transient, DNA-free editing [114]. AuNPs, proven in mammalian systems (e.g., 
CRISPR-Gold), and PEGylated liposomes have also induced edits in wheat calli without foreign DNA 
[115]. These nanoparticles support DNA-free editing with less tissue damage than biolistics, though 
targeting inner tissues and meristems remains challenging. Innovative techniques like pollen 
magnetofection (using magnetic Cas9 RNP-coated pollen) and spray-induced gene editing 
(nanocarrier-bound RNPs applied to leaves) show promise for germline edits and in-field, transgene-
free crop editing broadening future applications in plant genome engineering [116]. 

Tissue culture considerations: Many delivery methods like Agrobacterium, biolistics, and 
protoplast transfection rely on in vitro culture and plant regeneration, posing challenges for recalcitrant 
species (e.g., trees, elite maize lines) [117]. One solution is co-expression of morphogenic regulators like 
BABY BOOM (BBM) and WUSCHEL (WUS) during transformation [118], which promotes regeneration 
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and enables somatic embryogenesis, even in previously untransformable genotypes—used in methods 
like Fast-Tracc and HI-Edit. Another strategy is in planta transformation, such as the Arabidopsis floral 
dip [119], where Agrobacterium is applied to flowers to yield transformed seeds. This method 
efficiently introduces CRISPR constructs and often results in biallelic edits in T1 progeny [120]. Similar 
tactics, like agro-infiltration of floral tissues or meristems, can bypass tissue culture by editing gametes 
directly, producing heritable mutations in the next generation [121]. 

6. CRISPR Multiplexing in Crop Improvement and Trait Engineering 

6.1. Yield and Biomass 

Improving crop yield often involves targeting multiple genes simultaneously, and multiplex 
CRISPR has proven transformative in this regard. A landmark study by Zhu’s team in rice 
demonstrated that knocking out all 13 PYL ABA receptor genes—normally acting as brakes on 
growth—led to a 25–31% increase in grain yield in field trials without significantly compromising stress 
tolerance [122]. Another study edited three yield-associated genes (OsPIN5b, GS3, and OsMYB30) in 
rice, resulting in plants with longer grains, more spikelets, and improved cold tolerance, effectively 
overcoming the common trade-off between yield and stress resilience [123]. In tomato, multiplex 
editing of stem cell regulatory genes within the CLV-WUS pathway yielded larger fruits and more per 
truss in just one generation emulating decades of traditional breeding [124]. Sugarcane, a complex 
polyploid, also benefited from this approach: researchers used multiplex CRISPR to edit multiple 
copies of the LG1 gene regulating leaf angle. One edited line (L35) showed a 56% reduction in leaf 
inclination angle and an 18% boost in biomass yield by optimizing canopy structure for better light 
interception [125]. Similarly, in Brassica napus, targeting five JAGGED (JAG) gene homoeologs induced 
significant phenotypic shifts: leaf serration, floral abnormalities, and notably, enhanced resistance to 
pod shattering via modified dehiscence zone architecture [126]. These studies highlight how multiplex 
CRISPR can rapidly combine beneficial alleles to create high-yielding ideotypes, offering precision and 
efficiency far beyond conventional breeding methods (Table 3). 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 June 2025 doi:10.20944/preprints202506.1640.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1640.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 30 

 
 

Table 3. Case Studies of Multiplex CRISPR for Yield and Quality Improvement. 

Plant Species Target Genes Trait 
Improved 

Specific 
Improvement 

Key Outcomes Reference 

Sugarcane 
(Saccharum) 

LG1 Yield Adjusted leaf angle Mutated line showed a 56% decrease in leaf inclination angle 
and an 18% increase in yield. 

 [125] 

Brassica napus 
(Rapeseed) 

BnFAD2, BnFAE1 Oil Quality Increased oleic acid, 
reduced erucic acid 

Significant increase in oleic acid content (70-80%) and 
dramatic reduction in erucic acid levels in seed oil. 

[127] 

Potato (Solanum 
tuberosum) 

Vacuolar Invertase 
(VInv), Asparagine 
Synthetase 1 (AS1) 

Processing 
Quality & 

Safety 

Reduced browning 
and acrylamide 

formation 

Tubers from edited events showed reduced fructose and 
glucose concentrations after cold storage. Crisps made from 
these tubers were lighter in color and contained significantly 

reduced levels of acrylamide. Multiplex CRISPR-Cas9 
technology demonstrated its ability to generate improved 

potato cultivars for healthier processed products. 

[128] 

Rice (Oryza 
sativa) 

Starch Branching 
Enzyme (SBE) 

genes (four 
subunits) 

Nutritional 
Value 

Increased resistant 
starch content 

Knockout mutations were identified at all four SBE genes 
across multiple transgenic rice plants. This multiplex editing 

led to an increase in the level of resistant starch in the rice 
grains, enhancing their nutritional value for human 

consumption. 

[129] 
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6.2. Disease Resistance 

CRISPR multiplexing enables simultaneous targeting of susceptibility genes and stacking of 
resistance traits. In rice, dual knockout of OsERF922 and OsSEC3A significantly enhanced blast 
resistance. Wheat lines with all three MLOhomoeologs edited showed strong resistance to powdery 
mildew, bypassing the need for complex breeding [99]. In citrus, editing the CsLOB1 promoter 
alongside defense gene insertion conferred canker resistance [130,131]. Tomato plants with 
JAZrepressor knockouts displayed enhanced fungal immunity [132]. Li et al. (2018) demonstrated the 
use of multiplex CRISPR in Arabidopsis to dissect the roles of BnWRKY11 and BnWRKY70, identifying 
BnWRKY70 as key for Sclerotinia resistance [126]. In elite wheat, combined knockout of MLO genes and 
activation of dormant R genes achieved robust mildew resistance [133]. These examples highlight the 
potential of multiplex editing for durable, broad-spectrum disease resistance (Table 4). 
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Table 4. Case Studies of Multiplex CRISPR for Biotic Stress Resistance. 

Plant Species Target 
Genes 

Pathogen/Pest Edited Trait 
(Resistance/Susceptibility) 

Key Outcomes Reference 

Brassica napus 
(Rapeseed) 

BnWRKY11, 
BnWRKY70 

Sclerotinia 
sclerotiorum 

Enhanced Resistance 
(BnWRKY70 mutants) 

BnWRKY70 mutants showed enhanced resistance; 
BnWRKY11 mutants showed no significant 

difference. Overexpression of BnWRKY70 increased 
sensitivity. 

[134] 

Wheat (Triticum) MLO gene 
family, 

dormant 
gene 

Powdery 
Mildew 

Resistance Full resistance to powdery mildew achieved by 
simultaneously knocking out multiple MLO 

susceptibility genes and activating a dormant 
resistance gene in elite wheat varieties. 

[135] 

Tomato (Solanum 
lycopersicum) 

Various Various Resistance Potential for developing lines resistant to common 
bacterial, fungal, and viral diseases by inducing 
resistance genes or knocking out susceptibility 

genes. Multiplexing can further enhance this by 
targeting multiple factors. 

[136] 
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6.3. Abiotic Stress Tolerance 

Abiotic stress tolerance involves complex, multi-genic traits. Multiplex CRISPR enables 
coordinated edits across key pathways. For instance, knocking out multiple PYL ABA receptors in 
rice improved drought tolerance and yield by reducing growth suppression under water deficit [137]. 
In tomato, editing negative regulators in ethylene and jasmonate signaling enhanced salt stress 
tolerance [138]. In Arabidopsis, quadruple knockout in the proline degradation pathway increased 
osmoprotectant levels, improving drought resilience [139]. For heat tolerance, combined knockout of 
heat-susceptibility genes and CRISPRa-driven overexpression of heat shock regulators improved 
thermotolerance. Abdallah et al. (2025) successfully knocked out five TaSal1 homologs in wheat using 
multiplex CRISPR, with full knockout lines showing enhanced drought tolerance and improved 
anatomical traits [140]. These studies show how stacking minor-effect edits can yield significant gains 
in stress resilience (Table 5). 

Table 5. Case Studies of Multiplex CRISPR for Abiotic Stress Tolerance. 

Plant 

Species 

Target Genes Edited Trait Key Outcomes Reference 

Wheat 

(Triticum) 

TaSal1 gene 

family 

Drought Tolerance Improved germination and growth 

under simulated drought 

conditions. 

[140] 

Rice (Oryza 

sativa) 

PsbS 

regulatory 

DNA 

Water-Use 

Efficiency 

Increased expression of PsbS, 

leading to enhanced water-use 

efficiency without foreign DNA 

integration. 

[141] 

Wheat 

(Triticum) 

TaRPK1 Water Absorption Potential for enhanced water 

absorption through deeper root 

system development. 

[142] 

Various 

Plant 

Species 

Sal1 Osmo-protectant 

Production 

Improved production of 

osmoprotectants like proline, 

enhancing drought resistance 

through precise modulation of 

gene expression. 

[143] 

6.4. Nutritional Quality 

Improving crop nutrition often requires editing multiple genes. In potato, simultaneous 
knockout of VInv and Asn1drastically reduced acrylamide formation during frying, enhancing food 
safety [128]. In tomato, editing sugar-repressing kinases (SlCDPK26 and SlCDPK27) boosted glucose 
and fructose by 30% without yield loss [144]. Sorghum biofortification involved editing α-kafirin 
genes to improve protein digestibility and removing anti-nutritional peptides via PTR transporter 
knockout, increasing lysine availability [145]. In rice, multiplex promoter editing of three NF-YC 
genes raised grain protein content without yield penalty [146]. Similarly, BnFAD2 and BnFAE1 
mutations in rapeseed boosted oleic acid content to 70–80% [147]. Multiplex editing has also enabled 
gluten reduction in wheat by targeting γ- and ω-gliadin genes, and altered tomato fruit pigmentation 
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through edits in pigment biosynthesis genes—showcasing CRISPR’s potential in tailoring nutritional 
quality and crop aesthetics [148]. 

6.5. De Novo Domestication of Wild Plants 

CRISPR enables rapid domestication of wild or orphan crops by editing multiple domestication 
genes simultaneously. Zsögön et al. (2018) edited six loci in wild tomato (S. pimpinellifolium), 
enhancing fruit size, yield, and lycopene content—achieving traits similar to modern tomato in one 
generation [124]. Similarly, Lemmon et al. (2018) used multiplex CRISPR to improve groundcherry 
(Physalis pruinosa) architecture and fruiting traits, making it cultivation-ready [149]. This approach 
mimics natural domestication but accelerates the process, allowing breeders to transform wild 
species—rich in stress tolerance or nutrition—into productive crops by stacking key domestication 
alleles (e.g., larger fruit, loss of seed dormancy, reduced shattering) all at once. 

Breeders often aim to improve yield, disease resistance, and quality together. Multiplex CRISPR 
enables this in a single step. For instance, Chinese researchers edited Gn1a (yield), Pi21 (blast 
susceptibility), and Wx (grain quality) simultaneously in elite rice, producing high-yielding, blast-
resistant lines with preferred grain traits—without linkage drag [150]. In tomato, knocking out DET1 
(carotenoid repressor) and IAA9 (fruit initiation repressor) created seedless, deep-red fruits [151]. 
These examples show how CRISPR accelerates trait stacking, replacing years of breeding with 
precise, multi-gene edits. 

7. Challenges and Limitations 

Off-target effects are a major concern in multiplex genome editing, as introducing multiple 
sgRNAs increases the likelihood of unintended mutations at similar genomic sites due to mismatch 
tolerance [152]. This risk is heightened when dozens of guides are used, potentially confounding 
phenotypic analysis and raising regulatory issues. Careful guide design using tools like CRISPR-P 
[153], CHOPCHOP [154], or CRISPOR [155], along with high-fidelity Cas9 variants such as SpCas9-
HF1 [42] and eSpCas9 [156], can significantly reduce off-target activity. In plants, such mutations are 
generally rare, likely due to chromatin structure, but validation of top predicted off-target sites is still 
recommended. Transient delivery methods like Cas9 RNPs further reduce risk by shortening the 
editing window. 

Editing efficiency is especially challenging in polyploid crops (e.g., wheat, potato, sugarcane), 
where multiple gene copies must be edited simultaneously. Conserved sgRNAs or multiple guides 
can target all alleles, but achieving full edits in a single plant is difficult due to mosaicism and varying 
sgRNA efficiency [157]. Techniques like using strong promoters, multiple sgRNAs, and haploid 
induction systems (e.g., HI-Edit in maize) help improve efficiency, though extensive screening and 
genotyping are often required [158]. 

Multiplex editing also increases the chance of unintended large deletions or chromosomal 
rearrangements when multiple cuts occur close together [159]. While sometimes intentional, such 
events may affect nearby genes or regulatory elements. Rare instances of translocations have been 
reported in plants, particularly with nucleases like Cas12a [160]. Detection methods include long-
read sequencing or PCR across target regions, and risks can be reduced by spacing guide expression 
or avoiding closely located targets [161]. 

Mosaicism and chimerism are common in T0 plants, as editing may occur unevenly during 
regeneration, making early phenotyping unreliable [162]. Stable homozygous lines are typically 
obtained in T1/T2 generations via selfing or crossing. Using egg cell-specific promoters (e.g., EC1) or 
delivering CRISPR as RNPs can reduce mosaicism and promote uniform edits [163]. 

Delivery and tissue culture hurdles remain as a major barriers, especially in woody and 
recalcitrant crops, with transformation often inducing somaclonal variation and gene silencing due 
to transgene load. Optimizing expression with viral promoters or intron-containing constructs and 
exploring novel methods like meristem-targeted transformation or in planta editing may help 
circumvent tissue culture. 
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Intellectual property and regulatory frameworks also impact deployment of multiplex-edited 
crops. Patent restrictions around CRISPR components and delivery platforms necessitate complex 
licensing for commercial use. Regulations vary globally: countries like the USA, Canada, Brazil, and 
Japan often exempt DNA-free genome edits from GMO rules, while the EU applies strict GMO 
regulations. India and China are still shaping their policies. Although public concern is low, demand 
for safety and compositional analyses is increasing, especially for traits involving metabolic changes. 
Clear labeling, transparency, and safety validation are vital for gaining public trust and regulatory 
approval. 

The biological complexity of gene networks poses challenges, as multiplex edits can produce 
unintended phenotypes due to pleiotropy or gene interactions. For example, full knockout of ABA 
receptors improved yield but increased drought sensitivity [164]. Breeders may prefer partial 
knockouts or precise edits via promoter, base, or prime editing to fine-tune gene function. Balancing 
editing breadth with functional precision, supported by systems biology insights, is key to avoiding 
trade-offs and achieving desired agronomic outcomes. 

8. Computational and AI Integration in Multiplex-CRISPR Design 

The complexity of multiplex editing – choosing many target sites across the genome – is greatly 
aided by computational tools. Bioinformatics and artificial intelligence (AI) approaches are now 
integral to designing effective and specific CRISPR experiments: 

In silico sgRNA design tools have significantly advanced CRISPR research in plants. Tools like 
CRISPR-P, which was specifically developed for plants, allow researchers to input a gene or genomic 
region and obtain a ranked list of sgRNAs based on predicted on-target efficiency and potential off-
target effects. CRISPR-P was first introduced in 2014 and later updated to CRISPR-P 2.0, which 
includes support for plant-specific repeats and offers designs for multiple Cas variants such as Cas9 
and Cas12a. General tools like CHOPCHOP, E-CRISPR, and Benchling also support plant genomes 
and are widely used. These platforms are particularly beneficial for multiplex genome editing, as 
they allow batch design of sgRNAs while minimizing overlaps and unintended off-target 
interactions, especially when targeting gene families. 

AI for on-target efficiency has become an essential part of sgRNA design. Since not all sgRNAs 
perform equally, machine learning models trained on large datasets are now used to predict their 
cutting efficiency. Tools like DeepCRISPR [165], DeepSpCas9 [166], and SSC (sequence-specific 
scoring) [167] models analyze sequence features to estimate cleavage potential. Although most 
training data come from human systems, many plant-based tools incorporate these models. 
CRISPRon [168], a newer AI-based tool, integrates features like GC content, sequence motifs, and 
nucleotide preferences to generate high-accuracy activity scores. When designing multiplex sgRNA 
sets, using these AI-derived scores helps in selecting the top-performing guides with minimal off-
target risk. Some tools also predict the nature of indels produced, enabling selection of guides that 
induce desired frameshift mutations. 

Off-target prediction and avoidance is a crucial computational step, particularly in multiplex 
editing. Tools like CAS-OFFinder [169] and CRISPOR can identify potential off-target sites across the 
genome by allowing up to 3–4 mismatches. The CRISPRoff platform complements CRISPRon by 
offering predictions on off-target cleavage probabilities. These tools allow users to customize the 
PAM sequence and select the genome of interest, ensuring that sgRNAs do not unintentionally hit 
other gene family members or repetitive sequences. This becomes even more critical in polyploid 
species, where homeologous genes may be similar enough to be mistaken for off-targets. In such 
cases, sgRNA design can be fine-tuned depending on whether those genes should be co-targeted or 
excluded. 

Machine learning for prime and base editing is an evolving frontier in CRISPR technology. Prime 
editing requires the design of pegRNAs, which are structurally complex. Tools like PrimeDesign 
[170] and PE-Designer [171] use machine learning algorithms trained on experimental data to suggest 
pegRNA sequences with higher predicted success. Similarly, base editing tools predict the effective 
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editing window and bystander mutations for a given target site, helping researchers design guide 
RNAs that maximize precision. These AI tools are especially useful when attempting subtle 
nucleotide edits, such as correcting point mutations or introducing SNPs for trait improvement. 

Multi-omics target identification leverages big data and AI to determine which genes to edit for 
complex traits. By integrating genomics, transcriptomics, proteomics, and metabolomics data, 
researchers can prioritize targets for multiplex editing. For instance, genome-wide association studies 
(GWAS) can identify several loci associated with a trait like drought tolerance. AI tools can further 
refine this list by incorporating expression QTLs and known pathways. A real-world example 
includes enhancing tomato sweetness by targeting genes like SlCDPK27 and SlCDPK26, identified 
via co-expression network analysis [144]. This omics-driven approach enables CRISPR validation of 
multiple candidates simultaneously, accelerating trait improvement. 

CRISPR libraries for plants represent large-scale sgRNA design efforts aimed at editing entire 
gene families or even entire genomes. Tools like CCTop [172] and CHOPCHOP offer batch design 
capabilities, allowing researchers to generate sgRNAs for hundreds or thousands of targets. These 
designs can be filtered using AI models for on-target efficiency and off-target avoidance. An example 
includes the work by Meng et al., who created a comprehensive sgRNA library targeting a large 
number of genes, enabling high-throughput functional genomics studies [173]. Such libraries are 
instrumental for forward genetics screens and offer a path to uncover novel gene functions through 
multiplex editing. 

9. Conclusions 

CRISPR multiplex genome editing has ushered in a new horizon for plant science and crop 
breeding. We can now target any set of genes and sculpt plant genomes with a level of control 
previously unimaginable. As the tools improve – smarter design by AI, better delivery, more precise 
nucleases – and as regulatory frameworks adapt to these technologies, we will likely witness an 
acceleration in crop improvement akin to the “green revolution”, but driven by bytes and base edits 
rather than by crosses and chemicals. The ultimate vision is climate-resilient, high-yield, nutritious 
crops engineered in a fraction of the time of conventional breeding, helping secure food production 
in a sustainable manner. Achieving this will require addressing the current challenges and continuing 
to advance our scientific and technical capabilities, but the rapid progress to date gives confidence 
that these goals are within reach. Each year brings new CRISPR breakthroughs – by the next decade, 
multiplex editing could well be a standard tool in every plant breeder’s toolkit, and many of our 
staple crops might be products of this precise genome surgery, feeding the world with higher 
efficiency and fewer inputs. The seeds of that future are already being sown today in laboratories and 
greenhouses across the globe. 
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