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Abstract 

The diversity and large molecular size of CRISPR-associated nucleases often limit their application in plant genome engineering. 
CasX (also known as Cas12e) is a recently identified RNA-guided nuclease that features a compact protein size (<1000 amino 
acids) and a relaxed PAM preference (5′-TTCN-3′). Here, we explored the use of two CasX orthologs, DpbCasX and PlmCasX, 
for targeted genome modification in rice. Both wild-type nucleases exhibited detectable but modest activity in protoplast assays. 
Structure-guided engineering led to the generation of DpbCasX_RRR and PlmCasX_RRR variants, each containing amino-acid 
substitutions predicted to enhance DNA binding. These variants displayed improved editing activity, with PlmCasX_RRR 
showing consistently higher performance. Mutation profiling indicated a tendency toward multi-nucleotide deletions located 
distal to the PAM. Furthermore, stable rice transformants expressing PlmCasX_RRR transmitted targeted mutations to progeny, 
producing stable knockout phenotypes. These results establish CasX as a compact and functional nuclease for plant genome 
editing, broadening the range of CRISPR tools available for crop research and improvement. 
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Introduction 

The CRISPR-Cas system has revolutionized genome editing, 
providing a versatile platform for precise genetic manipula-
tion across diverse organisms ( Jiang et al. 2013; Tang et al. 
2016; Zhong et al. 2018; Yan et al. 2019; Anzalone et al. 2020; 
Pacesa et al. 2024; Li et al. 2025; Tuncel et al. 2025). In this 
system, a single-guide RNA (sgRNA) directs the Cas nuclease 
to the complementary genomic target, where the protein 
introduces a site-specific double-strand break (DSB) adja-
cent to a protospacer-adjacent motif (PAM). The DSB is then 
repaired by endogenous pathways, enabling targeted ge-
nome modification.  

The best-known Cas nuclease, Cas9 from Streptococcus 
pyogenes, has been widely adopted for plant genome editing 
due to its robust activity and simple design (Le Cong et al. 
2013; Tang et al. 2016； Pacesa et al. 2024). However, Cas9 
is constrained by its specific PAM requirement (5′-NGG-3′) 
and large size (1368 amino acids), which complicate vector 
delivery and multiplex applications (Jinek et al. 2012). Cas12a 
(Cpf1), another type V CRISPR nuclease, provides certain 
advantages, including a smaller size (~1300 amino acids), a 

T-rich PAM (5′-TTTN-3′), and a distinct cleavage pattern that
generates sticky ends ( Zetsche et al. 2015; Tang et al. 2017;
Zhong et al. 2018; Pacesa et al. 2024). Nonetheless, the
editing efficiency and PAM preferences of Cas9 and Cas12a
remain suboptimal for some plant species.

CasX (Cas12e), a recently discovered type V nuclease 
(Burstein et al. 2017; Liu et al. 2019). consists of only ~986 
amino acids, significantly smaller than Cas9 and Cas12a. Its 
compact size facilitates packaging into small delivery vectors 
such as AAV and allows additional regulatory or multiplex 
editing modules to be incorporated within the same construct. 
CasX recognizes a 5′-TTCN-3′ PAM, complementing the 
PAM specificities of Cas9 (5′-NGG-3′) and Cas12a (5′-TTTV-
3′), thereby expanding the editable sequence space. Func-
tional studies have demonstrated that CasX supports tar-
geted genome modifications in bacterial and human cells (Liu 
et al. 2019; Tsuchida et al. 2022). Given its small molecular 
weight and distinct PAM preference, CasX represents a 
potentially valuable addition to the CRISPR toolbox for func-
tional genomics and crop biotechnology (Yu & Marchisio 
2023). 

Here, we evaluated the feasibility of CasX-mediated 
genome editing in rice (Oryza sativa). Although the initial 
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editing activity of CasX in rice protoplasts and transgenic 
lines was modest compared with Cas9 and Cas12a, we 
demonstrate its ability to induce defined fragment deletions 
at target loci. Our findings provide insights into the 
performance of CasX in plant cells and support its potential 
as a compact genome editing platform for plant biotechnol-
ogy. 
 
Materials and methods 
 
Phylogenetic Tree Construction 
 
The protein sequences for constructing the phylogenetic tree 
were referenced from the literature (Chen et al. 2023). 
Sequence alignment and phylogenetic tree construction of 
Cas12 protein sequences were performed using MEGA 11 
software, employing the Neighbor Joining method. The resu-
lting phylogenetic tree was then visualized and beautified 
using the iTOL tool. 
 
Vector construction 
 
The vectors constructed in this study were based on previous 
research from our laboratory, as described below. The DNA 
sequences of DpbCasX and PlmCasX, optimized for rice 
codons, along with the sgRNA scaffold_v2 sequence, were 
synthesized as fragments by Beijing Tsingke Biotech. The 
synthesized DpbCasX and PlmCasX fragments were then 
ligated with the ZmUbi1 promoter and AtHSP terminator 
using Golden Gate Assembly. The sgRNA scaffold_v2 was 
ligated between the OsU6-2 promoter and polyT via Gibson 
Assembly, with a BsaI restriction site included for subsequent 
sgRNA insertion. The CasX expression cassette and the 
sgRNA expression cassette were then cloned into the 
pTX1500 vector using Golden Gate Assembly to complete the 
construction of the editing vector backbone. 

All vectors used in this study are listed in Supplementary 
Table 1, and all targeted loci are listed in Supplementary 
Table 2. 

 
Plant material and growth condition 
 
In this study, the rice variety Nipponbare was used as the 
experimental material. The seeds of Nipponbare were propa-
gated and stored by the Plant Genome Editing Laboratory. 
For rice protoplast transformation, after sterilization, rice 
seeds were germinated on 1/2 MS medium and cultured in 
the dark at 28°C for 10 days. For rice stable transformation, 
sterilized rice seeds were germinated on N6-D medium and 
cultured under light at 32°C for 7 days. 
 
Rice protoplast transformation and mutation analysis 
 
The protoplast transformation protocol for rice was adapted 
from previous studies, as follows: Rice seedlings, germinated 
for 10 days, were cut into 1-2 mm fragments and digested 
with cellulase for 6 hours to fully dissociate the rice cells. Af-
ter enzyme digestion, the rice cells were washed twice with 
W5 buffer and then diluted to 2 million cells/ml in MMG 
solution. A 200 µl aliquot of cells was slowly added to a tube 
containing 30 µg of plasmid DNA. Next, 40% PEG4000 was 
added, and the mixture was gently vortexed before reacting 
for 30 minutes. After the reaction, 1 mL of W5 buffer was 

immediately added to stop the transformation. The cells were 
then centrifuged to collect the pellet, resuspended by 
pipetting, and plated onto a 12-well plate. The plate was 
incubated in the dark at 32°C for 48 hours for recovery. After 
recovery, the cells were collected and genomic DNA was ex-
tracted (Stewart & Via 1993) for subsequent editing efficiency 
analysis. 

The precise editing efficiency was determined through 
high-throughput sequencing. After amplifying the target 
region from protoplast DNA, the samples were pooled and 
sent to Novogene for sequencing according to the Illumina-
PE150 protocol. The raw sequencing data were processed in 
CRISPRMatch, where the sequences were merged, split, and 
aligned to determine the editing efficiency in the protoplasts 
(Han et al. 2024; You et al. 2018). 
 
Protein Sequence Alignment 
 
Protein sequence alignment was performed using local align-
ment (Smith-Waterman) in SnapGene software. The aligned 
sequences were subsequently visualized and beautified 
using ESPript 3.0 (ESPript). 
 
Rice stable transformation and mutation detection 
 
The rice callus, cultured for 7 days, was harvested by 
removing seeds and shoots. The callus was then infected for 
2.5 minutes with an Agrobacterium EHA105 suspension 
containing AAM-As, followed by co-cultivation on N6-As 
medium at 28°C in the dark for 3 days. After co-cultivation, 
the callus was transferred to N6-S medium and cultured at 
32°C until new secondary callus was regenerated. The new 
secondary callus was sequentially transferred to REIII 
regeneration medium and HF rooting medium to obtain T0 
generation rice plants, which were used for subsequent 
editing efficiency assessment and mutant generation. 

DNA extracted from rice plants was amplified (Stewart & 
Via 1993) and sent to Sangon Biotech for Sanger sequencing 
to determine the mutation genotypes of each individual plant. 
Editing efficiency was calculated as the ratio of the number 
of edited plants to the total number of plants screened. 

 
Data analysis 
 
Data in this study were generated and analyzed using 
GraphPad software, and the final figures were arranged and 
adjusted for presentation using Adobe Illustrator. 
 
Results 
 
Characterization of CRISPR-CasX for genome editing 
in plants 
 
CasX (Cas12e) belongs to the type V CRISPR-Cas family (Fig. 
1A) and has been shown to mediate DNA cleavage in 
mammalian cells. We selected two orthologs, DpbCasX and 
PlmCasX, and predicted their structures using SWISS-
MODEL (Fig. 1B). Unlike other Cas12 proteins that rely solely 
on crRNA for target recognition, CasX uses a dual RNA 
structure-crRNA and tracrRNA-to form a single guide RNA 
scaffold that directs target binding and cleavage (Fig. 1C). 
Despite demonstrated activity in animal systems, the genome 
editing capability of CasX in plants remains largely unex-
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plored due to species-specific differences in genome com-
position and chromatin accessibility. 

In the rice genome, the CasX PAM (5′-TTCN-3′) occurs 
less frequently than the 5′-NGG-3′ PAM of SpCas9 but is 
enriched in A/T-rich genomic regions, similar to LbCas12a 
(Fig. 1D). This complementary PAM specificity expands the 
range of editable loci, highlighting CasX as a promising 
addition to the plant genome editing toolkit. 
 
DpbCasX and PlmCasX exhibit limited editing activity 
in rice protoplasts 
 
To test CasX function in rice, we codon-optimized DpbCasX 
and PlmCasX for expression under the maize ZmUbi1 

promoter, with sgRNAs driven by the OsU6-2 promoter (Fig. 
2A). Eight target sites carrying 5′-TTCN-3′ PAM were selected 
across different rice genes and grouped into two sgRNA 
arrays. These constructs were transiently introduced into rice 
protoplasts, followed by genomic DNA extraction and 
amplicon sequencing after 48 hours. 

Both DpbCasX and PlmCasX showed minimal editing 
activity in rice protoplasts (Fig. 2B). Editing profiles of 
detectable sites indicated that CasX primarily induced multi-
nucleotide deletions distal to the PAM, consistent with the 
cleavage pattern of other type V nucleases (Fig. 2C-D, Fig. 
S1-S2). However, the overall editing frequency remained low, 
suggesting that wild-type CasX enzymes require further 
optimization for plant genome editing. 

Fig. 1. Characterization of CRISPR-CasX for genome editing in plants. (A) Phylogenetic tree of Cas proteins. The nucleotide sequences are from 
the paper Cas12n nucleases, early evolutionary intermediates of type V CRISPR, comprise a distinct family of miniature genome editors, The tree 
was constructed using MEGA 11 with the Neighbor-Joining method, and visualized using iTOL. (B) Predicted protein structures of DpbCasX and 
PlmCasX by SWISS-MODEL. (C) Schematic diagram of the CasX recognition sequence and the structure of the sgRNA scaffold. (D) Comparison 
of the number of targetable sgRNA sites in the rice genome for CasX, SpCas9, and LbCas12a. The number of sgRNAs was calculated using the 
Oryza sativa reference genome IRGSP-1.0, with computations performed utilizing the Biopython toolkit. 
 
Engineered CasX variants improve editing frequency 
in rice cells 
 
Previous studies have reported enhanced editing by the Plm-
CasX-T26R/K610R/K880R variant in mammalian cells (Chen 
et al. 2022). To assess whether similar substitutions could 
enhance activity in plants, we generated DpbCasX-
S24R/K623R/K821R and PlmCasX-T26R/K610R/K880R vari-
ants (Fig. 3A-B). Structural modeling revealed that these 
mutations likely strengthen DNA-protein interactions (Fig. 3C-
D). 

In protoplast assays, the DpbCasX-S24R/K623R/K821R 
variant exhibited detectable editing at three loci, whereas 
PlmCasX-T26R/K610R/K880R achieved higher editing fre-
quencies, up to 8% at certain sites (Fig. 3E). When tested with 
additional sgRNAs targeting previously validated genomic 
loci (Zhong et al. 2018), editing was observed at eight of ten 
targets, with three showing efficiencies above 5% (Fig. 3F). 

Deletion profiling revealed that both variants predomi-
nantly induced 8-13 bp deletions located 15-27 bp down-
stream of the PAM (Fig. 3G-H; Fig. S3-S4), consistent with 
prior studies in non-plant systems (Liu et al. 2019). These 
results indicate that rationally engineered CasX variants can 

substantially improve editing frequency while maintaining 
characteristic deletion patterns (Fig. 3G-H, Fig. S4). 
 
PlmCasX_RRR mediates stable genome editing in 
transgenic rice 
 
Given its superior activity, the PlmCasX-T26R/K610R/K880R 
(PlmCasX_RRR) variant was selected for stable transfor-
mation via Agrobacterium-mediated delivery. Genotyping of 
regenerated T₀ plants revealed targeted mutations at multiple 
loci (Fig. 3I-J; Fig. S5). Notably, OsROC5 biallelic mutants 
exhibited the characteristic curly-leaf phenotype, we selected 
the homozygous mutant (pFT213-25) for phenotype display 
(Fig. 3K), which is consistent with previous functional studies 
(lowder et al. 2015; Tang et al. 2017). 

Among tested targets, the OsROC5 locus showed the 
highest mutation frequency (Fig. 3I), confirming that 
CasX_RRR can induce stable, site-specific mutations in rice. 
In plants edited with PlmCasX_RRR, no off-target mutations 
were detected, indicating high editing specificity of this vari-
ant. (Fig. S6). Collectively, these results establish Plm-
CasX_RRR as a compact and functional nuclease capable of 
targeted genome editing and mutant generation in plants.
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Fig. 2. CRISPR-CasX system for genome editing in rice. (A) Schematic diagram of the CasX editing vector. (B) Evaluation of CasX-mediated editing 
efficiency in rice protoplasts. (C) Deletion position induced by the DpbCasX in rice protoplasts. (D) Distribution of deletion size induced by the 
DpbCasX in rice protoplasts.

Fig. 3. CRISPR-CasX variant system for genome editing in rice. (A) Mutated amino acid sites in CasX variants and partial sequence alignment of 
two CasX proteins. Protein sequence alignment was performed using local alignment (Smith-Waterman) in SnapGene software, and the aligned 
sequences were subsequently visualized using ESPript 3.0 (ESPript). (B) Schematic diagram of the CasX editing vector. (C) Predicted protein 
structures of DpbCasX_RRR by SWISS-MODEL. (D) Predicted protein structures of PlmCasX_RRR by SWISS-MODEL. (E) Evaluation of editing 
efficiency of CasX_RRR variants in rice protoplasts. (F) Evaluation of editing efficiency at additional loci by the PlmCasX_RRR variant in rice 
protoplasts. (G) Deletion position induced by the PlmCasX_RRR variant in rice protoplasts. (H) Distribution of deletion size induced by the 
PlmCasX_RRR variant in rice protoplasts. (I) Evaluation of editing efficiency by the PlmCasX_RRR variant in stable rice plants. (J) Genotypes of 
three biallelic mutants derived from PlmCasX_RRR -mediated editing in OsROC5 target site. (K) Phenotypes of the WT (left) and a OsROC5 mutant 
with curly leaves (right, pFT213-25, red arrow). Bar = 10 cm. 
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Discussion 
 
In this study, we evaluated the genome-editing potential of 
CasX, a compact Type V CRISPR-Cas nuclease, in rice. Our 
findings demonstrate that CasX, particularly the engineered 
PlmCasX-T26R/K610R/K880R variant, can mediate targeted 
mutagenesis in rice with editing frequencies of up to 42.9% 
at specific loci. These results align with previous observations 
of robust CasX activity in mammalian systems (Liu et al. 2019; 
Tsuchida et al. 2022), indicating its broad potential as a 
genome-editing platform across kingdoms. 

Compared with the widely adopted SpCas9 and 
LbCas12a nucleases ( Zhou et al. 2019; Kuang et al. 2020; Hu 
et al. 2021; Zhou et al. 2022; Zheng et al. 2023; Pacesa et al. 
2024; Zhou et al. 2024; Tuncel et al. 2025), CasX recognizes a 
distinct 5′-TTCN-3′ PAM, which occurs at a lower frequency 
in the rice genome. Although this feature may limit the number 
of editable sites, it also expands the CRISPR targeting 
landscape by granting access to genomic regions inaccessi-
ble to 5′-NGG-3′ or 5′-TTTV-3′ dependent nucleases. Thus, 
CasX represents a valuable complement to existing CRISPR 
systems for plant genome engineering. 

Mutation profiling revealed that CasX-induced edits pre-
dominantly consisted of multi-nucleotide deletions located 
distal to the PAM, consistent with cleavage patterns reported 
for other Cas12 family enzymes (Tang et al. 2017; Zhong et al. 
2018; Malzahn et al. 2019; Zetsche et al. 2020; Liu et al. 2022; 
Cheng et al. 2023; Hillary & Ceasar, 2023; Li et al. 2023; Zhang 
et al. 2023; Karmakar et al. 2024; Liu et al. 2024; Pacesa et al. 
2024; Gilbertson et al. 2025; He et al. 2025; Tuncel et al. 2025). 
Such deletions are particularly advantageous for generating 
gene knockouts, as they often result in frameshift mutations 
and complete loss of gene function. CasX predominantly 
induces multi-nucleotide deletions, mainly 8-13 bp in length, 
located 15-27 bp downstream of the PAM. Compared to the 
widely used Cas9, which typically causes 1-bp insertion or 
deletion, CasX can generate larger deletions, offering a 
distinct advantage for editing non-coding regions such as 
promoters and enhancers. Nonetheless, the relatively low 
activity observed at certain loci suggests that the catalytic 
efficiency of CasX may still be suboptimal for some genomic 
contexts in plants. 

Several compact nucleases have been developed and 
successfully applied for genome editing in plants, including 
Cas12j, Cas12i and TnpB. Cas12j proteins consist of 700-800 
amino acids and recognize 5′-VTTV-3′/5′-VTTTV-3′ PAMs 
(Liu et al. 2022). Cas12i proteins consist of 1000-1100 amino 
acids and recognize 5′-NTTN-3′ PAMs (He et al. 2025). TnpB 
family nucleases, such as IsDge10, are composed of 391 
amino acids and recognize 5′-TTAT-3′ motifs (TAM) (Zhang 
et al. 2024). In this study, we developed a CasX nuclease 
consisting of 986 amino acids, recognizing the 5′-TTCN-3′ 
sequence. This further expands the toolbox of compact 
nucleases and provides additional options for targeting more 
genomic sites. 

Further optimization will be required to fully exploit CasX 
for crop improvement. Strategies such as refining sgRNA 
architecture, enhancing protein expression and nuclear 
localization, and engineering variants with broadened PAM 
compatibility could substantially increase its efficiency and 
versatility. Exploring natural CasX orthologs or directed 
evolution approaches may also yield nucleases with 

improved activity and relaxed PAM recognition suitable for 
plant systems. 

Collectively, our results establish CasX as a compact and 
functional nuclease capable of generating heritable muta-
tions in rice. The distinct PAM preference and characteristic 
deletion pattern of CasX expand the current genome-editing 
repertoire, offering new opportunities for plant functional 
genomics and molecular breeding. 
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