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Summary
Class 2 Type V-A CRISPR-Cas (Cas12a) nucleases are powerful genome editing tools, particularly

effective in A/T-rich genomic regions, complementing the widely used CRISPR-Cas9 in plants. To

enhance the utility of Cas12a, we investigate three Cas12a orthologs—Mb3Cas12a, PrCas12a,

and HkCas12a—in plants. Protospacer adjacent motif (PAM) requirements, editing efficiencies,

and editing profiles are compared in rice. Among these orthologs, Mb3Cas12a exhibits high

editing efficiency at target sites with a simpler, relaxed TTV PAM which is less restrictive than the

canonical TTTV PAM of LbCas12a and AsCas12a. To optimize Mb3Cas12a, we develop an

efficient single transcription unit (STU) system by refining the linker between Mb3Cas12a and

CRISPR RNA (crRNA), nuclear localization signal (NLS), and direct repeat (DR). This optimized

system enables precise genome editing in rice, particularly for fine-tuning target gene expression

by editing promoter regions. Further, we introduced Arginine (R) substitutions at Aspartic acid

(D) 172, Asparagine (N) 573, and Lysine (K) 579 of Mb3Cas12a, creating two

temperature-tolerant variants: Mb3Cas12a-R (D172R) and Mb3Cas12a-RRR (D172R/N573R/

K579R). These variants demonstrate significantly improved editing efficiency at lower

temperatures (22 °C and 28 °C) in rice cells, with Mb3Cas12a-RRR showing the best

performance. We extend this approach by developing efficient Mb3Cas12a-RRR STU systems in

maize and tomato, achieving biallelic mutants targeting single or multiple genes in T0 lines

cultivated at 28 °C and 25 °C, respectively. This study significantly expands Cas12a’s targeting

capabilities in plant genome editing, providing valuable tools for future research and practical

applications.

Introduction

Clustered regularly interspaced short palindromic repeats

(CRISPR)/CRISPR-associated (Cas) systems, originally discovered

as adaptive immune systems in bacteria and archaea, have been

widely used for precise genome modification in plants. The

development of CRISPR-Cas offers promising tools to tackle

global agricultural challenges through introducing desirable traits

into crops, such as improved yield (Liu et al., 2017, 2021; Ren

et al., 2021a; Wu et al., 2022; Yuste-Lisbona et al., 2020; Zhang

et al., 2019; Zhou et al., 2019), enhanced nutritional content

(Arruabarrena et al., 2023; Dong et al., 2020; Li et al., 2018;

Sanchez-Leon et al., 2018; Zhou et al., 2023), increased

resistance to diseases (Fu et al., 2024; Liu et al., 2018; Mahas

et al., 2019; Oliva et al., 2019; Peng et al., 2017; Wang

et al., 2014; Xu et al., 2019b), and environmental stresses

(Alfatih et al., 2020; Huang et al., 2019; Hui et al., 2024; Liu

et al., 2020; Su et al., 2023; Wang et al., 2024; Zhang

et al., 2018; Zhou et al., 2021, 2022).

Cas12a, a Class 2 Type V-A CRISPR-Cas nuclease, has

emerged as a promising alternative to Cas9 in the field of

genome editing. Cas12a exhibits a unique protospacer adjacent

motif (PAM) recognition that is rich in A/T content (Zetsche

et al., 2015), in contrast to SpCas9 (Jinek et al., 2012), which

utilizes a G/C-rich PAM. This distinct PAM requirement enables

Cas12a to effectively target genomic regions that may be

inaccessible to SpCas9. Unlike Cas9, Cas12a only needs a short

CRISPR RNA (crRNA) for DNA targeting. Moreover, Cas12a
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possesses RNase activity for crRNA array processing, making it

an excellent platform for multiplexed editing (Hui et al., 2024;

Malzahn et al., 2019; Tang et al., 2019; Tang and Zhang, 2023;

Wang et al., 2017; Xu et al., 2019a; Zetsche et al., 2017; Zhang

et al., 2021b). Cas12a generates staggered double-strand breaks

(DSBs), which results in larger deletions, making Cas12a a

preferable tool for the deletion of multiple base motifs or

specific non-coding RNAs within the genome (Tang and

Zhang, 2023; Zhang et al., 2021b; Zhou et al., 2017, 2021,

2022, 2023). Furthermore, Cas12a has demonstrated higher

targeting specificity compared to Cas9 in mammalian cells and

plants (Kim et al., 2016; Kleinstiver et al., 2016; Ren

et al., 2021b; Tang et al., 2018). This improved specificity

minimizes off-target effects and enhances the accuracy of

genome editing in these organisms.

The versatility and simplicity of the CRISPR-Cas12a system

enable the modification of numerous genes in elite cultivars,

which may be challenging or impractical to achieve through

conventional breeding methods. However, the targeting scope

of most Cas12a nucleases is limited by the restrictive TTTV

(V = A, C, and G) PAM. To overcome this limitation, researchers

have attempted various strategies to expand the editing scope

of Cas12a, including exploring novel Cas12a orthologs or

engineering Cas12a nucleases with relaxed PAM requirements

in vitro and mammalian cells (Gao et al., 2017; Jacobsen

et al., 2020; Teng et al., 2019; Toth et al., 2018, 2020; Zetsche

et al., 2020). In the context of plants, certain Cas12a orthologs,

such as FnCas12a (Zhong et al., 2018) and Mb2Cas12a (Zhang

et al., 2021b), have been demonstrated to target some VTTV

PAM sequences. Additionally, engineered Cas12a variants have

been developed to target altered PAM sequences (Zhong

et al., 2018). However, compared to the abundant resources

of bacterial Cas12a orthologs, the repertoire of efficient CRISPR

systems currently available for plant genome editing is

significantly limited. Furthermore, Cas12a-mediated editing

efficiency is known to be reduced under low-temperature

conditions (Bernabe-Orts et al., 2019; Lee et al., 2019; Malzahn

et al., 2019). Although this challenge can be partially addressed

through protein engineering, such as the development of

enAsCas12a (Kleinstiver et al., 2019), ttLbCas12a (Schindele

and Puchta, 2020), and LbCas12a-RRV (Zhang et al., 2023), it is

noteworthy that temperature-tolerant nucleases in plants have

thus far been developed exclusively based on LbCas12a, which

largely relies on the TTTV PAM. Moreover, to enable versatile

genome engineering in plants, there is a need for a CRISPR-

Cas12a system with both high efficiency and a broad targeting

scope.

To search for additional Cas12a orthologs for editing relaxed

VTTV PAMs, we comprehensively assess three Cas12a orthologs

and identified Mb3Cas12a as a promising Cas12a nuclease. Next,

we developed efficient STU systems by improving the linker, NLS,

and DR sequence. Moreover, we successfully engineered

temperature-tolerant variants, Mb3Cas12a-R and Mb3Cas12a-

RRR, which displayed significantly increased editing efficiency at

lower temperatures. By utilizing the optimizing Mb3Cas12a-STU

system, we applied CRISPR-Cas12a promoter editing (CAPE)

strategy to achieve efficient promoter editing of two target

genes, OsGBSS1 and OsD18, in rice. Furthermore, with the

temperature-tolerant variant Mb3Cas12a-RRR, we successfully

develop efficient STU genome editing systems for maize and

tomato. By expanding our efforts to more plant species, we

demonstrated the versatility and scalability of the Mb3Cas12a

toolbox in achieving efficient genome editing.

Results

Comparison of Cas12a orthologs reveals robust genome
editing by Mb3Cas12a at both TTTV and TTV PAM sites
in rice

Many demonstrated Cas12a orthologs require the TTTV PAM,

which limits their applications in plants. To broaden the scope of

Cas12a genome editing, we selected three Cas12a orthologs:

Mb3Cas12a, PrCas12a, and HkCas12a. These orthologs have

shown high editing efficiency at VTTV PAM sites in human cells or

vitro, but their potential in plant editing has not been

well-established (Teng et al., 2019; Zetsche et al., 2020). We

employ a dual RNA Polymerase II (Pol II) promoter expression

system to express Cas12a/crRNA (Tang et al., 2017) (Figure 1a).

These three Cas12a orthologs exhibit a close evolutionary

relationship to other Cas12a orthologs that have been previously

studied in plants, including LbCas12a, FnCas12a, and

Mb2Cas12a (Figure 1b). Therefore, we utilized these

well-known Cas12a orthologs as controls to evaluate the editing

efficiency of the new Cas12a orthologs.

The editing efficiencies of the Cas12a orthologs are evaluated

at three TTTV PAM target sites and three VTTV PAM target sites in

rice protoplasts at 32 °C, using next-generation sequencing

(NGS). At the three TTTV PAM target sites, Mb3Cas12a exhibited

a mutation frequency of approximately 40.0% or higher at all

sites, which is comparable to LbCas12a and Mb2Cas12a.

PrCas12a showed high mutant efficiency at the TTTG site

(>40.0%), but lower efficiency at the TTTA and TTTC sites

(3.9%~7.3%). HkCas12a showed high mutant efficiency at both

the TTTC and TTTG sites (36.4%~60.8%), but lower efficiency at

the TTTA sites (8.3%) (Figure 1c). Furthermore, we assess the

editing efficiency at three VTTV PAM target sites. Mb3Cas12a still

exhibit a robust efficiency at all sites, which is comparable to or

higher than FnCas12a and Mb2Cas12a, both of which have been

shown to have high efficiency at VTTV PAM sites in plants (Zhang

et al., 2021b; Zhong et al., 2018). PrCas12a and HkCas12a

conferred an efficient editing >10.0% at the TTC site, however,

they displayed much lower efficiency at the TTG site and no

editing activity at the TTA site (Figure 1d). The narrower dynamic

range of editing efficiency across different target sites, either with

TTTV PAMs (Figure 1c) or with VTTV PAMs (Figure 1d), suggests

that Mb3Cas12a is a more robust Cas12a nuclease than

FnCas12a and Mb2Cas12a.

To further validate the robust editing efficiency of Mb3Cas12a,

as observed in rice protoplasts, we conducted assessments in

stable transgenic rice lines. A total of eight target sites were

investigated, consisting of three sites with TTTV PAM and five

sites with VTTV PAM. The results showed that Mb3Cas12a could

induce mutagenesis at all targeted sites, with editing efficiencies

ranging from 70.0% to 100% at TTTV PAM sites and 20.0% to

70.0% at VTTV PAM sites (Figure 1e). Furthermore, the biallelic

editing was observed at all eight target sites, with average

efficiency of ~72.0% at TTTV PAM sites and ~20.0% at VTTV

PAM sites (Figure 1e and Figure S1). Mutation in the OsGW2

gene leads to changes in rice grain morphology (Song

et al., 2007). We examined three different osgw2 mutants and,

as expected, they all showed significant increase in grain width

and grain thickness (Figure 1f).
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We also investigated the editing profiles of the new Cas12a

orthologs at two independent target sites in rice protoplasts. The

mutations induced by these Cas12a orthologs were primarily

deletions (Del) (Figure 2a and Figure S2a), resulting in deletion

ranging from 6 to 12 bp at the target site (Figure 2b–d and

Figure S2b–d). The deletion positions span from 13 to 27 nt

(Figure 2e–g). Next, we assessed the editing specificity with

mismatched crRNAs and crRNAs of different length. When

protospacers with mismatches were used, all three Cas12a

orthologs show tolerance only for mismatches located in the last

three base pairs distal from the PAM, indicating a high level of

targeting specificity (Figure 2h–k). Protospacers ranging from 19

to 23 nt can generate high editing frequencies for HkCas12a and

Mb3Cas12a, while PrCas12a requires longer protospacers to

achieve robust activity (Figure 2l–o and Figure S2e–h). Taken

together, Mb3Cas12a is an efficient and precise genome editing

Figure 1 Mb3Cas12a confers robust genome editing at both TTTV and TTV PAM sites in rice. (a) Schematic of the dual RNA polymerase II promoter

system for Cas12a and crRNA expression. DR, direct repeat; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme; HSP-T, heat shock protein

terminator; NLS, nuclear localization signal; pinII-T, proteinase inhibitor II terminator; pOsUbi, rice ubiquitin promoter; pZmUbi, maize ubiquitin promoter.

(b) A phylogenetic tree of 13 Cas12a orthologs based on protein sequence alignment. (c) Genome editing efficiencies of six Cas12a orthologs at three TTTV

PAM sites in rice protoplasts at 32 °C. (d) Genome editing efficiencies of six Cas12a orthologs at three TTV PAM sites in rice protoplasts at 32 °C. Control,

protoplasts transformed with backbone. Three biological replicates were used. (e) Summary of editing and biallelic editing efficiencies of Mb3Cas12a on

three TTTV PAM sites and five TTV PAM sites in transgenic rice T0 lines. (f) Seed length, width, and thickness of three osgw2 mutants and controls. Scale

bars, 1 cm. For experiments in rice grain analysis, eight to ten replicates were used. The error bars denote standard deviations. Asterisks were used to

denote statistical significance by Student’s t-test (****P < 0.0001).
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tool in rice. Notably, with a NTTV PAM requirement, Mb3Cas12a

can cover 11.5% of rice genome which is higher than that of

SpCas9 with an NGG PAM requirement (10.5%) and LbCas12a

with a TTTV PAM requirement (<5.0%) (Zhang et al., 2021b;

Zhong et al., 2019).

Mb3Cas12a confers efficient multiplexed editing in rice

Previously, we showed that both single transcript unit (STU) based

on a single Pol II promoter and a dual Pol II promoter system could

be used to express Cas12a and crRNAs (Tang et al., 2017, 2019;

Zhang et al., 2021b). To enable efficient multiplexed editing by

Mb3Cas12a, we compared these two strategies side by side, with

the crRNAs being processed by the hammerhead (HH) and

hepatitis delta virus (HDV) ribozymes (STUHDH and Dual Pol II) as

this ribozyme processing strategy is very efficient in plants (Zhang

et al., 2021b) (Figure 3a). For the STU system, we also included

self-processing of a crRNA array (STUDD) (Figure S3a), as it is a

popular strategy for expressing and processing multiple crRNAs in

human cells (Zetsche et al., 2015) and in plants (Tang et al., 2019;

Wang et al., 2017; Zhang et al., 2021b; Zhong et al., 2018).

These three multiplexed systems were compared at three target

sites (OsDEP1-cR1, OsROC5-cR2, OsmiR528-cR3) in stable trans-

genic rice lines. We calculated editing efficiencies at each target

site for all the multiplex systems, with 15–18 T0 lines per

construct. The dual ribozyme-based STUHDH and Dual Pol II

systems had comparable multiplex editing efficiency, resulting in

94.1% to 100% mutagenesis at all target sites (Figure 3b). The

biallelic editing efficiencies of the STUHDH system ranged from

41.2% to 94.1%, comparable to the Dual Pol II system (61.1%

~94.4%) (Figure 3c,d and Figure S4); Most of these lines

contained co-edits of all three target genes (Figure 3b). However,

the self-processing crRNA array system only generated 13.3%

editing efficiency at each target sites, with all edits being

monoallelic (Figure S3b). Taken together, dual ribozyme-based

Figure 2 Analyses of genome editing profiles and specificity of Cas12a orthologs in rice protoplasts. (a) Assessment of deletion frequencies by six Cas12a

orthologs. Indel, insertion and deletion. (b–d) Deletion size profile of Cas12a orthologs at the TA02-crRNA site in rice protoplasts at 32 °C. (b) (HkCas12a),

(c) (PrCas12a), (d) (Mb3Cas12a). (e–g) Deletion position of Cas12a orthologs at the TA02-crRNA site in rice. (e) (HkCas12a), (f) (PrCas12a), (g)

(Mb3Cas12a). (h–k) Targeting specificity of Cas12a orthologs measured with mismatched crRNAs (MM01~MM06) at the TA02-crRNA site in rice

protoplasts at 32 °C. Mismatched nucleotides in crRNAs were highlighted with red in h. (i) (HkCas12a), (j) (PrCas12a), (k) (Mb3Cas12a). (l–o) Assessment of

protospacer length requirements at the TA02-crRNA site in rice protoplasts at 32 °C. (m) (HkCas12a), (n) (PrCas12a), (o) (Mb3Cas12a). Three biological

replicates were used. The error bars denote standard deviations.
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STUHDH system and the Dual Pol II system both conferred

comparable, efficient multiplexed editing by Mb3Cas12a in rice

stable plants.

Improving Mb3Cas12a STUHDH systems with optimized
linker, nuclear localization signal, and crRNA scaffold

Considering the dual ribozyme-based Mb3Cas12a STUHDH system

showed simple, compact configuration and comparable gene

editing efficiency to the Dual Pol II system, we decided to focus on

this STUHDH system for further improvement. Firstly, we optimized

the linker between Mb3Cas12a and crRNA. The Triplex (Campa

et al., 2019; Wilusz et al., 2012) and Comp.14 (Wilusz

et al., 2012) were previously found to increase mRNA stability

and enhance gene transcription, respectively. These two linkers,

along with PolyA in the initial STUHDH version, were compared at

four target sites in rice protoplasts at 32 °C (Figure 4a). According

to analysis the editing efficiency based on the NGS data, we

found that PolyA stand out among the three systems (efficiency

range from 23.7% to 42.2%). Comp.14 showed slightly lower

editing efficiency than PolyA (efficiency range from 12.1% to

38.3%), while Triplex showed significantly reduced editing

efficiency compared to PolyA (efficiency range from 14.7% to

27.1%) (Figure 4b).

Nuclear localization signal (NLS), due to its control of Cas

nuclease’s nuclear entry, is also an important element that can

affect the editing efficiency. 2C NLS (nucleoplasmin NLS and

SV40 NLS on the C-terminal of Cas12a) and 3C NLS (3x SV40 NLS

on the C-terminal of Cas9) were previously shown to improve the

editing efficiency of Cas12a (Liu et al., 2019) and Cas9 (Li

et al., 2020; Zhong et al., 2023), respectively. To optimize our

STUHDH system, we compared these two NLS structures, along

with the default NC NLS (SV40 NLS on the N-terminal of Cas12a

and nucleoplasmin NLS on the C-terminal of Cas12a) used in our

original configuration (Figure 4c). We tested the three STUHDH

systems based on different NLS configurations at four target sites

in rice protoplasts at 32 °C. We found that NC NLS was

outstanding among the three systems based on analysis of the

NGS data (efficiency range from 36.2% to 69.1%). 3C NLS had

slightly lower editing efficiency than NC NLS (efficiency range

from 32.5% to 60.5%), while 2C NLS showed overall lower

editing efficiency (efficiency range from 8.5% to 65.2%)

(Figure 4d).

The DR structure is an important element of CRISPR-Cas12a.

Previous study found that the loop sequence of DR is a key factor

affecting the editing activity of Cas12a (Teng et al., 2019). We

selected six DRs (4n61, 4n91, 4n96, 4n128, 4n137, and 4n149)

with different loop sequences that demonstrated varying

efficiencies in previous in vitro assays (Teng et al., 2019) to

observe their performance in plants. The loop sequence for the

4n61 DR is ‘UUGU’, for 4n91 DR it is ‘UGUG’, for 4n96 DR it is

‘UAUG’, for 4n128 DR it is ‘GCAA’, for 4n137 DR it is ‘UUCG’,

and for 4n149 DR it is ‘UCCU’ (Figure 4e). These six DRs along

with Mb3 DR were paired with Mb3Cas12a and compared at six

sites in rice protoplasts at 32 °C. We found that 4n96 DR is most

efficient among all 7 DRs (efficiency range from 17.3% to

59.3%). The 4n61 DR and 4n91 DR showed comparable activities

to Mb3 DR, with the editing efficiency ranging from 9.6% to

46.2%, and 10.9% to 42.9%, respectively. The 4n128, 4n137,

Figure 3 Optimization of CRISPR-Mb3Cas12a for plant genome editing. (a) Schematics of the single transcript unit (STUHDH) and dual RNA polymerase II

promoter-based (Dual Pol II) systems for CRISPR-Mb3Cas12a-mediated multiplexed editing of three target sites in rice. DR, Mb3Cas12a direct repeat;

crRNA1 targets OsDEP1; crRNA2 targets OsROC5; crRNA3 targets OsmiR528; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme; HSP-T, heat

shock protein terminator; NLS, nuclear localization signal; pinII-T, proteinase inhibitor II terminator; pOsUbi, rice ubiquitin promoter; pZmUbi, maize

ubiquitin promoter. (b) Comparison of two multiplexed Mb3Cas12a editing systems in stable transgenic rice lines, targeting OsDEP1, OsROC5, and

OsmiR528 with three corresponding crRNAs. Seventeen to eighteen independent T0 lines were genotyped at each target site for wild type (denoted as an

empty rectangle), monoallelic mutant (denoted as a half-filled rectangle) and biallelic mutant (denoted as a fully filled rectangle). (c) Comparison of editing

efficiency and biallelic editing efficiency of two multiplexed editing systems in stable transgenic rice lines with three target sites. (d) Images of osdep1/

osroc5/osmir528 triple mutant and wide type (WT) phenotypes. Scale bars, 20 cm.
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and 4n149 DRs conferred editing activity of Mb3Cas12a

(Figure 4f). We wondered that whether 4n96 DR could improve

genome editing by other Cas12a orthologs. Thus, we used

FnCas12a and HkCas12a to test this DR structure at four target

sites in rice protoplasts. The results showed that 4n96 DR helped

increase FnCas12a editing activity slightly at all sites, while this

improvement was less pronounced with HkCas12a: only one site

showed improved genome editing (Figure S5). Taken together,

Figure 4 Optimization of CRISPR-Mb3Cas12a STUHDH system for plant genome editing. (a) Schematics of three Mb3Cas12a single transcript unit

(STUHDH) editing systems for genome editing with different linker sequences. (b) Comparison of three Mb3Cas12a STUHDH editing systems with different

linkers on editing OsPDS, OsDEP1, OsROC5 and OsmiR528 in rice protoplasts at 32 °C. (c) Schematics of three Mb3Cas12a STUHDH editing systems with

different nuclear localization signal (NLS) configurations. NC NLS, SV40 NLS on the N-terminal of Cas12a and nucleoplasmin NLS (np NLS) on the

C-terminal of Cas12a; 3C NLS, 39 SV40 NLS on the C-terminal of Cas12a; 2C NLS, nucleoplasmin NLS and SV40 NLS on the C-terminal of Cas12a.

(d) Comparison of three Mb3Cas12a STUHDH editing systems with different NLS configurations on editing LOC_Os09g37860, LOC_Os04g5720,

LOC_Os02g49270 and LOC_Os02g43194 in rice protoplasts at 32 °C. (e) Schematics of Mb3Cas12a direct repeat (DR) and 4 nt DR (left), and sequences

of seven different DRs (right). Loop sequences were colour-coded with red. (f) Comparison of seven Mb3Cas12a STUHDH editing systems with different

DRs at six target sites in rice protoplasts at 32 °C. (g) Predicted protein structures of Mb3Cas12a, Mb3Cas12a-R (D172R) and Mb3Cas12a-RRR

(D172R/N573R/K579R) by SWISS-MODEL. (h) Comparison of Mb3Cas12a and two variants for genome editing at 22 °C, 28 °C, 32 °C on eight target

sites in rice protoplasts. (i) Comparison of Mb3Cas12a and three variants for genome editing at 22 °C, 28 °C, 32 °C on two target sites with different

PAM requirements in rice protoplasts. For experiments in rice protoplasts of h and i, two to three biological replicates were used. Three biological

replicates were used. The error bars denote standard deviations. Asterisks were used to denote statistical significance by Student’s t-test (*P < 0.05;

**P < 0.01; ****P < 0.0001; ns, not significant).
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we developed an optimized Mb3Cas12a STUHDH system by using

PolyA, NC NLS, and 4n96 DR.

Further optimization of the Mb3Cas12a system by
protein engineering

Cas12a nucleases are sensitive to low temperatures (Malzahn

et al., 2019). Recently, temperature-tolerant variants of AsCas12a

(enAsCas12a) (Kleinstiver et al., 2019) and LbCas12a

(ttLbCas12a) (Schindele and Puchta, 2020) were developed,

showing increased genome editing activity at lower temperatures

compared to their wild-type Cas12a nucleases in human cells and

Arabidopsis. We hypothesized that installation of similar muta-

tions to Mb3Cas12a may improve its genome editing efficiency at

lower temperatures. We performed protein sequence alignment

using Mega 11 and identified three conserved amino acids (D172,

N573, and K579) corresponding to enAsCas12a and ttLbCas12a

in Mb3Cas12a. Two Mb3Cas12a variants were engineered,

Mb3Cas12a-R (D172R) and Mb3Cas12a-RRR (D172R/N573R/

K579R), and subsequently tested using our optimized STUHDH

system (Figure 4g and Figure S6a,b).

First, we compared the editing efficiency at eight target sites in

rice protoplasts, at three different temperatures (22 °C, 28 °C,
and 32 °C). At 32 °C, Mb3Cas12a, Mb3Cas12a-R, and

Mb3Cas12a-RRR showed comparable editing efficiency (with

average efficiencies being 42.7%, 43.0%, and 45.4%, respec-

tively) (Figure 4h). At 28 °C, Mb3Cas12a showed reduced editing

efficiency; However, Mb3Cas12a-R and Mb3Cas12a-RRR main-

tained high editing efficiency at the level observed at 32 °C
(Figure 4h). At 22 °C, genome editing efficiency of all three

Mb3Cas12a nucleases dropped. However, the two engineered

variants (Mb3Cas12a-R and Mb3Cas12a-RRR) conferred more

than 15.0% editing efficiency at most target sites, which is up to

2 folds higher than that of Mb3Cas12a (Figure 4h). Previous study

found that the Mb2Cas12a-RVRR variant could efficiently target

multiple PAMs, which greatly expanded the targeting scope

(Zhang et al., 2021b). Thus, we also engineered RVRR (N573R/

K579V/N583R/K635R) variant of Mb3Cas12a (Figure S6a,b). We

tested Mb3Cas12a, Mb3Cas12a-R, Mb3Cas12a-RRR,

Mb3Cas12a-RVRR at the TC01-crRNA and CC01-crRNA sites in

rice protoplasts, again under three temperature conditions. At the

TC01-crRNA site, the results showed that these four nucleases

have comparable editing efficiencies at three temperatures

(Figure 4i). Interestingly, Mb3Cas12a-RVRR showed low genome

editing efficiency at the CC01-crRNA site across the three

different temperatures. Consistent with our earlier observation,

Mb3Cas12a-R and Mb3Cas12a-RRR showed significantly higher

editing activity at the CC01-crRNA site at 22 °C (Figure 4i). We

also investigated the editing profiles of these Mb3Cas12a variants

at CC01-crRNA site. Not surprisingly, they showed similar editing

characteristics of Mb3Cas12a, with targeted mutations being

predominately multiple base deletions (Figure S6c,d). Taken

together, our results demonstrated that Mb3Cas12a-R and

Mb3Cas12a-RRR variants provide strong temperature-tolerance

genome editing in rice.

Application of the optimized CRISPR-Mb3Cas12a system
for promoter editing

Promoter editing represents an innovative approach to introduce

quantitative trait variation (QTV) in crops (Liu et al., 2021;

Rodriguez-Leal et al., 2017; Tang and Zhang, 2023). Recently,

we showed that Cas12a is potentially more advantageous to

Cas9 for promoter editing (Zhou et al., 2023). In our CRISPR-

Cas12a promoter editing (CAPE) system, key regions (KRs) in the

promoter of interest can be targeted to produce QTV

continuums in plants (Zhou et al., 2023). Here, we set to

demonstrate that the optimized Mb3Cas12a STUHDH system

could enable applications of CAPE in rice. As rice stable

transformation was done at a high temperature (32 °C), the

WT Mb3Cas12a nuclease was used.

In our first demonstration, we targeted Granule-bound starch

synthase I (GBSS1, also known as Waxy/Wx) gene which is

responsible for amylose biosynthesis in grains (Huang et al., 2020;

Tian et al., 2009). To generate QTV mutants efficiently, we

construct an Mb3Cas12a STUHDH multiplex editing system of the

OsGBSS1 promoter. We chose to target promoter regions with

both high and low aggregate scores with 12 crRNAs so that we

could obtain QTV continuum mutants efficiently (Zhou

et al., 2023) (Figure 5a,b). Analysis of 19 T0 lines revealed

editing at multiple target sites, with many being large deletions

(Figure S7a,b). We tested five transgene-free homozygous T1
promoter (Pro) editing lines that carried deletions of variable sizes

for further characterization (Figure 5c and Figure S8). The

reduced amylose contents in promoter editing lines could be

easily visualized in the rice grains, with or without iodine staining

(Figure 5d). The reduction of amylose contents in these lines was

quantified (Figure 5e), which translated to overall reduced starch

contents (Figure 5f). The expression levels of OsGBSS1 were

analysed in the promoter editing lines, which showed decreased

mRNA in these lines (Figure 5g), consistent with the level of

amylose contents (Figure 5e). Further analysis of the traits of the

five promoter editing lines (Pro1 to Pro5) showed that they have

other comparable phenotypes to the WT plants, based on the

measurement of seed characteristics (e.g., seed morphology, seed

length, seed width, and 1000-grain weight) (Figure 5h–k), plant
height (Figure 5l) and architecture (Figure 5m).

In our second demonstration, we targeted OsD18 in rice.

Semidwarf and anti-lodging traits are highly valuable in crops

which contribute to yield increase (Eshed and Lippman, 2019;

Sasaki et al., 2002). Previous study revealed that osd18 mutants

had severe dwarfism but without compromising the grain size

(Hu et al., 2018). Recently, we showed that editing of the

OsD18 promoter could generate semidwarf plants without

significant compromise in yield (Zhou et al., 2023). We

constructed a multiplex editing system of OsD18 promoter

based on our optimized Mb3Cas12a STUHDH system, with 12

crRNAs designed within or spanning key regions in the promoter

(Figure 6a,b). Analysis of 18 T0 lines revealed editing at multiple

target sites, with many being large deletions (Figure S7a,c). We

tested 4 transgene-free homozygous T1 rice lines that carry

deletions of variable sizes to analysis (Figure 6c and Figure S9).

As expected, expression analysis showed a reduction of OsD18

in these promoter editing lines (Figure 6d). These T1 homozy-

gous lines collectively form a semidwarf continuum average

from 78.5 cm to 98.0 cm (compared to 106.0 cm for the WT

plants) (Figure 6e,g). The length of main panicles (Figure 6f,g)

and seed number of the main panicles (Figure 6h) were reduced

for the four promoter editing lines. However, the tiller numbers

were increased in all promoter editing lines (Figure 6i). As a

result, we did not observe reduction of grain yield in these

promoter editing lines, based on measurement of seed length

(Figure 6j), 1000-grain weight (Figure 6k), and seed setting rate

(Figure 6l). Taken together, we demonstrated an efficient

multiplex CAPE system in rice based on the

Mb3Cas12a-STUHDH system.
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Maize microRNA editing using the Mb3Cas12a-RRR
variant

Next, we wanted to demonstrate our optimized Mb3Cas12a

system for genome editing in maize. With its robust performance

at lower temperatures, the Mb3Cas12a-RRR variant was used

(Figure 7a). We designed six target sites to test the editing

efficiency in maize protoplasts. Two sites showed high editing

efficiency (17.8%~28.6%) and four sites showed low editing

efficiency (2.4%~4.6%) (Figure 7b), suggesting protospacer

sequence and genomic location can great affect editing efficiency

in maize. Next, we investigated the editing profile of

Mb3Cas12a-RRR at the ZmMIR159f-cR site, which showed 8 bp

to 11 bp deletions distal from the PAM (Figure 7c,d), similar to

the editing profile observed in rice (Figure S6d). To see whether

we can generate stable maize plants with targeted mutations, we

conducted Agrobacterium-mediated maize stable transformation

of Xiang 249 (X249) cultivar with the Mb3Cas12a-RRR construct

targeting the ZmMIR159f-cR site at the ZmMIR159f locus

(Figure 7e). We obtained four transgenic plants, and two of

them were edited. One line carried biallelic editing and the other

carried monoallelic editing (Figure 7f). These edits were all larger

deletions (11–16 bp) (Figure 7f), consistent with the editing

profile observed in protoplasts (Figure 7d). These deletions are

expected to destroy microRNA mature sequence region (Figure 7f

and Figure S10). Hence, Mb3Cas12a enabled efficient genetic

knockout of a non-coding gene in maize.

Mb3Cas12a-RRR confers efficient multiplexed genome
editing in tomato

To test the optimized Mb3Cas12a systems in dicot plants, we

chose to work on tomato because it is not only a major edible

vegetable but also a model crop for testing genome editing tools.

Mb3Cas12a-RRR was chosen due to its robust editing activity at

22 °C. Previous studies reported that ttLbCas12a and LbCas12a-

RRV could achieve high editing efficiencies in dicot plants

(Schindele and Puchta, 2020; Zhang et al., 2023). Thus, we

decided to benchmark Mb3Cas12a-RRR with comparison to

Figure 5 Application of the optimized CRISPR-Mb3Cas12a STUHDH system for promoter editing of OsGBSS1 in rice. (a) Schematic of the optimized

Mb3Cas12a STUHDH system for OsGBSS1 promoter editing. 4n96 DR, 4n96 direct repeat; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme;

HSP-T, heat shock protein terminator; np NLS, nucleoplasmin nuclear localization signal; pZmUbi, maize ubiquitin promoter. (b) Feature and aggregate

scores calculated by the CAPE estimating model. The key regions (KRs) were shaded in grey (KR-A~KR-F). Each black triangle represents a crRNA, and the

direction of the triangle indicates the direction of the crRNA on the promoter. TSS, transcription start site. (c) Schematic depicting the genotypes of

five Mb3Cas12a-based OsGBSS1 promoter (OsGBSS1-Pro) editing lines along with WT. The dark blue represents insertion and deletion (InDel). (d) Images

of different OsGBSS1 promoter editing lines following grain starch iodine staining (left) and milling (right). WT, Nipponbare. (e) The amylose contents

of five promoter editing lines along with WT. (f) The total starch contents of five promoter editing lines along with WT. (g) The relative expression level of

OsGBSS1 of five promoter editing lines along with WT. (h–j) Seed length and width of the OsGBSS1 promoter editing lines. (h) Seed length (right) and

width (right). Scale bars, 1 cm. (i) Seed length (n = 10). (j) Seed width (n = 10). (k) Comparison 1000-grain weight of five promoter editing lines along

with WT (n = 3). Statistical analysis by Student’s t-test (ns, not significant). (l) Comparison plant height of five promoter editing lines along with WT

(n = 8–10). Statistical analysis by Student’s t-test (ns, not significant). (m) Image of different OsGBSS1-Pro lines along with WT. Scale bars, 25 cm. Three

biological replicates were used. The error bars denote standard deviations. Asterisks were used to denote statistical significance by Student’s t-test

(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant).
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these two top-performing Cas12a nucleases under our optimized

STUHDH expression system (Figure 8a). We chose eight target sites

to test these three Cas12a nucleases in tomato protoplasts. The

results showed that Mb3Cas12a-RRR and LbCas12a-RRV have

high editing activities in tomato, with editing efficiency >10.0%
across all eight target sites (Figure 8b). The editing activities of

ttLbCas12a at six sites were >10.0%, but the editing activities at

two sites, SlSGR-cR2 and SlCYE-cR, were less than 10.0%

(Figure 8b). Overall, Mb3Cas12a-RRR showed significantly higher

editing efficiency than ttLbCas12a in tomato protoplasts. The

editing profile indicated that Mb3Cas12a-RRR generated larger

deletions in tomato cells (Figure 8c), consistent with the earlier

data in rice and maize cells.

The high editing activity of Mb3Cas12a-RRR STUHDH system in

tomato protoplasts encouraged us to explore co-editing at

multiple sites. To this end, we selected three sites, SlMYBATV-

cR, SlGGP1-cR, and SlCYCB-cR, for multiplexed editing, based on

the Mb3Cas12a-RRR STUHDH system (Figure 8d). Through

Agrobacterium-mediated stable transformation, 25 transgenic

plants were randomly selected for assessing the editing efficien-

cies of the three sites. Through Sanger sequencing and analysis,

we found that the editing efficiencies at SlMYBATV-cR, SlGGP1-

cR, and SlCYCB-cR sites are 8.0%, 12.0%, and 16.0%,

respectively. The biallelic efficiency at three sites were 0%,

12.0%, and 4.0%, respectively (Figure 8e). The co-editing

efficiency of three genes was 4.0%, and the co-editing efficiency

of two genes was 12.0% (Figure 8f). We focused on 4 multiplex

editing plants (481-5, 481-10, 481-11, and 481-16) for further

analysis and all of them were edited at the SlCYCB-cR3 site

(Figure 8g). Recently, a study showed that lycopene content

increased when SlCYCB was knocked out in tomato (Arruabar-

rena et al., 2023). Thus, we recorded the phenotype of fruits at

the breaker stage (Br) and 10 days after the breaker (Br + 10)

stage (Figure 8h). Quantification of lycopene content indeed

Figure 6 Application of the optimized CRISPR-Mb3Cas12a STUHDH system for promoter editing of OsD18 in rice. (a) Schematics of the optimized

Mb3Cas12a STUHDH system for OsD18 promoter editing. 4n96 DR, 4n96 direct repeat; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme;

HSP-T, heat shock protein terminator; np NLS, nucleoplasmin nuclear localization signal; pZmUbi, maize ubiquitin promoter. (b) Feature and aggregate

scores calculated by the CAPE estimating model. The key regions (KRs) were shaded in grey (KR-A~KR-E). Each black triangle represents a crRNA, and the

direction of the triangle indicates the direction of the crRNA on the promoter. TSS, transcription start site. (c) Schematic depicting the genotypes of five

Mb3Cas12a-based OsD18 promoter (OsD18-Pro) editing lines along with WT. The dark blue represents insertion and deletion (InDel). (d) The relative

expression level of OsD18 of four promoter editing lines along with WT. All data represent the mean � s.d. of three biological replicates. (e) The plant

height for four promoter editing lines along with WT (n = 8–10). (f) The length of main panicle for four promoter editing lines along with WT (n = 8–10).

(g) Image of plant (left) and panicle (right; dashed-white box) phenotypes of OsD18 promoter editing lines and control plants grown. Scale bars of plant

height, 25 cm. Scale bars of panicle, 10 cm. (h–l) Field trial of OsD18 promoter editing and control lines in a Nipponbare background. Grain number (h;

n ≧ 10), tiller number (i; n = 8–10), seed length, (j; n = 8), 1000-grain weight (k; n = 3), and seed setting rate (l; n = 5) were assessed. Three biological

replicates were used. The error bars denote standard deviations. Asterisks were used to denote statistical significance by Student’s t-test (**P < 0.01; ns,

not significant).
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showed that the biallelic knockout plant (481-16) had signifi-

cantly increased lycopene content in mature fruits (Figure 8i).

Interestingly, intermediate increase of lycopene content was

observed in all three monoallelic mutants, suggesting a gene

dosage effect or haploid insufficiency (Figure 8i). Taken together,

the Mb3Cas12a-RRR based STUHDH system can achieve multi-

plexed editing in tomato.

Discussion

The CRISPR-Cas systems offer remarkable versatility and simplicity

for crop breeding and trait engineering. Among the various

CRISPR-Cas systems, CRISPR-Cas9 and Cas12a have emerged as

the most widely utilized systems in plants. While CRISPR-Cas9

mediated genome editing has been extensively employed in

plants, the commonly used SpCas9 recognized NGG PAM,

limiting its targeting scope to GC rich regions. In contrast,

CRISPR-Cas12a is increasingly gaining prominence in genome

engineering due to its T-rich PAM recognition, ability to produced

larger deletions, and versatile crRNA processing strategies for

multiplexed editing (Zetsche et al., 2015). Recently, multiple

Cas12a orthologs have been identified and utilized for genome

editing in plants, such as AsCas12a (Tang et al., 2017), LbCas12a

(Hu et al., 2017; Tang et al., 2017; Wang et al., 2017), FnCas12a

(Endo et al., 2016; Zhong et al., 2018), ErCas12a (MAD7) (Lin

et al., 2021), Mb2Cas12a (Zhang et al., 2021b), Ev1Cas12a (Li

et al., 2023) and Hs1Cas12a (Li et al., 2023). However, most of

these Cas12a orthologs only recognized the canonical TTTV

PAMs, necessitating the continued efforts to search for Cas12a

orthologs and variants that can perform well at relaxed VTTV

PAM sites. In this study, we compared three Cas12a orthologs

(Mb3Cas12a, PrCas12a, and HkCas12a) and successfully identi-

fied Mb3Cas12a as a superior Cas12a ortholog with notable

editing efficiency at NTTV PAM sites. Impressively, our data in rice

showed that Mb3Cas12a overall exhibited more robust editing

than that of FnCas12a and Mb2Cas12a (Figure 1c,d), both of

which were previously preferred Cas12a orthologs for editing at

VTTV PAM sites.

The STU system possesses a simple and compact configuration,

utilizing only a Pol II promoter for the expression of Cas protein

and guide RNA. This system offers the advantage of avoiding the

use of Pol III promoters, which are not well characterized in many

organisms and are more suitable for expressing short transcripts.

Hence, the STU system has great potential for CRISPR-Cas

Figure 7 Application of the optimized CRISPR-Mb3Cas12a-RRR STUHDH system for genome editing in maize. (a) Schematic of optimized Mb3Cas12a-RRR

STUHDH system for maize genome editing. 4n96 DR, 4n96 direct repeat; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme; HSP-T, heat shock

protein terminator; np NLS, nucleoplasmin nuclear localization signal; pZmUbi, maize ubiquitin promoter. (b) Editing efficiencies of Mb3Cas12a-RRR system

at six sites in maize protoplasts at 28 °C. Protoplasts transformed with the vector backbone were used as the control. (c) Deletion size profile of

Mb3Cas12a-RRR variant at a representative target site in maize. (d) Deletion position profile of Mb3Cas12a-RRR variant at a representative target site in

maize. PAM and spacer were colour-coded in red and blue, respectively. For experiments in maize protoplasts, three biological replicates were used. The

error bars denote standard deviations. (e) RNAfold predicts stem-loop structure of ZmMIR159f primary microRNA (pri-miRNA) transcripts. The mature

miRNA and its complementary strand (miRNA*) were colour-coded in blue and pink, respectively. (f) Genotypes of two T0 plants with the ZmMIR159f-crR

site edited by Mb3Cas12a-RRR. PAM and target sequence were underlined with red and black, respectively; the mature miRNA and miRNA* were

colour-coded in blue and pink, respectively. For experiments in maize protoplasts, three biological replicates were used. The error bars denote standard

deviations.
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mediated multiplexed genome editing (Tang et al., 2016, 2019,

2024). In this study, we have developed a STU genome editing

system based on Mb3Cas12a by incorporating HH and HDV

ribozymes for crRNA processing. This STUHDH system showed

comparable editing efficiency to the efficient Dual Pol II system

(Zhang et al., 2021b) (Figure 3). Interestingly, our data showed

that self-processing of the DR array by Mb3Cas12a showed poor

activity (Figure S3), suggesting Mb3Cas12a may not have an

optimal activity in self-processing of its crRNA array. By contrast,

the Mb3Cas12a STUHDH system based on the HH-HDV dual-

ribozyme system showed high editing activities, consistent with

our previous results on comparison of the HH-HDV system and

the DR array system (Tang et al., 2017, 2024; Zhang

et al., 2021b). Regardless, it is important to significantly improve

the Mb3Cas12a STU genome editing systems in plants, which is

the major focus of this study.

Figure 8 Efficient multiplexed editing in tomato by the optimized CRISPR-Mb3Cas12a-RRR STUHDH system. (a) Schematic of the optimized STUHDH system

for expressing different CRISPR-Cas12a systems for tomato genome editing. 4n96 DR, 4n96 direct repeat; Cas12a variant, ttLbCas12a, LbCas12a-RRV,

and Mb3Cas12a-RRR; HDV, hepatitis delta virus ribozyme; HH, hammerhead ribozyme; HSP-T, heat shock protein terminator; np NLS, nucleoplasmin

nuclear localization signal; pCaMV35S, cauliflower mosaic virus (CaMV) 35S promoter. (b) Comparison of editing efficiencies of ttLbCas12a, LbCas12a-

RRV, and Mb3Cas12a-RRR systems at eight target sites in tomato protoplasts at 25 °C. Protoplasts transformed with the backbone vector were used as the

control. (c) Deletion sizes profile of Mb3Cas12a-RRR at a representative target site in tomato. For experiments in tomato protoplasts, three biological

replicates were used. The error bars denote standard deviations. (d) Schematic of multiplexed editing of three target sites by Mb3Cas12a-RRR in tomato.

(e) Summary of total editing and biallelic editing efficiencies at three sites in transgenic tomato T0 lines. (f) Further analysis of the data in “e” for

co-editing efficiencies. (g) Sanger sequencing-based genotyping of four edited tomato T0 lines. PAM and spacer were colour-coded in red and blue,

respectively. (h) Image of tomato fruits from the four edited plants along with WT at breaker (Br) stage and 10 days after breaker (Br + 10) stage. Scale bar

of fruit, 1 cm. (i) Lycopene content of ripe fruits in the four edited lines along with WT. Three biological replicates were used. The error bars denote

standard deviations. Asterisks were used to denote statistical significance by Student’s t-test (*P < 0.05; **P < 0.01).
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We further developed the Mb3Cas12a-STUHDH system by

optimizing key elements such as the linker between Mb3Cas12a

and crRNA, NLS configuration, crRNA structure, and Mb3Cas12a

protein structure. First, we compared three linkers, PolyA, Triplex,

and Comp.14. In contrast to mammalian cells, our results

indicated that the PolyA terminator is better suited for the STU

system in plants (Figure 4a,b). Next, we compared three NLS

structures, NC NLS, 3C NLS, and 2C NLS. The 3C NLS structure

has shown efficient editing activities in Cas9 (Fan et al., 2024; Li

et al., 2020; Zhong et al., 2023), while the 2C NLS structure has

demonstrated efficient editing activities in Cas12a in mammalian

cells (Liu et al., 2019). However, our findings revealed that the NC

NLS structure is more efficient than these two NLS configurations

in plants (Figure 4c,d). Our data suggested that different CRISPR-

Cas systems require different optimization strategies, which may

differ between mammals and plants. Additionally, we compared

six DR structures (4n61, 4n91, 4n96, 4n128, 4n137, and 4n149),

and identified the 4n96 DR to be the most efficient one for both

Mb3Cas12a and FnCas12a, even surpassing these Cas12a

nucleases’ own DR structures (Figure 4e,f and Figure S5). These

results suggested that 4n96 DR may be suitable for diverse

Cas12a orthologs, which however warrants future investigations.

We applied our optimized Mb3Cas12a STUHDH (Mb3Cas12a with

NC NLS, polyA, and 4n96 DR) system for multiplexed promoter

editing in rice. By editing the promoters of OsGBSS1 (Figure 5)

and OsD18 (Figure 6), quantitative trait variations in amylose

content and semi dwarfism were efficiently introduced, highlight

the great potential of this Mb3Cas12a STUHDH system for crop

improvement, considering that Mb3Cas12a has superior activity

at editing relaxed VTTV PAM sites than many other Cas12a

orthologs.

Cas12a nucleases have shown sensitivity to lower temperatures

(Malzahn et al., 2019), which is a significant factor limiting their

application in diverse plants. Several studies have shown that the

activities of Cas12a can be improved through protein engineering

(e.g., enAsCas12a (Kleinstiver et al., 2019) and ttLbCas12a

(Schindele and Puchta, 2020)) and directed evolution (e.g.,

AsCas12a Ultra (Zhang et al., 2021a), LbCas12a-RRV (Zhang

et al., 2023)). In this study, we engineered two temperature-

tolerant variants, Mb3Cas12a-R and Mb3Cas12a-RRR (Figure S6).

The editing efficiencies of these variants were comparable to that

of Mb3Cas12a at 32 °C in rice protoplasts. This suggests that all

these nucleases, when combined with the NC NLS, polyA, and

4n96 DR, are suitable options for monocots, such as rice, at

32 °C. However, the variants, particularly Mb3Cas12a-RRR,

exhibited higher editing activities at lower temperatures (28 °C
and 22 °C) (Figure 4h). Leveraging the promising editing

efficiency of Mb3Cas12a-RRR at lower temperatures, we

demonstrated its application for genome editing in maize, by

knocking out a non-coding miRNA gene ZmMIR159f (Figure 7e,f).

We further tested Mb3Cas12a-RRR in tomato, a dicot plant. In

this case, we benchmarked Mb3Cas12a-RRR against ttLbCas12a

(Schindele and Puchta, 2020) and LbCas12a-RRV (Zhang

et al., 2023), both of which represent the most efficient Cas12a

nucleases ever engineered for genome editing in plants.

Impressively, Mb3Cas12a-RRR showed comparable genome

editing efficiency to LbCas12a-RRV and more robust genome

editing efficiency than ttLbCas12a in tomato protoplasts

(Figure 8b). Subsequently, Mb3Cas12a-RRR was demonstrated

to achieve multiplexed genome editing of SlMYBATV, SlGGP1,

and SlCYCB in stable tomato plants (Figure 8d–g). This suggests
that our optimized Mb3Cas12a-RRR STU system (with NC NLS,

polyA, and 4n96 DR), is suitable for genome editing in both

monocots and dicots in a wide range of temperature conditions.

Conclusion

By taking a stepwise approach to systematically optimize different

factors, we have successfully developed an efficient Mb3Cas12a

STUHDH system with optimized linker, NLS configuration, crRNA

expression and processing, crRNA structure, and protein engi-

neering. The improved Mb3Cas12a-RRR STUHDH system

(Mb3Cas12a-RRR nuclease combined with NC NLS, polyA, and

4n96 DR) confers robust and temperature-tolerant multiplexed

genome editing in rice, maize, and tomato. We demonstrated the

use of such systems for promoter editing to engineer quantitative

traits in rice, for knocking out a non-coding gene in maize, and

for enhancing lycopene content in tomato fruits. It is expected a

wide range of applications can be realized by using this CRISPR-

Cas12a system in diverse plant species.

Experimental procedures

Construction of the vectors

The rice codon optimized PrCas12a, HkCas12a and Mb3Cas12a

were synthesized by GenScript (Nanjing, China) and cloned in

pMOD_A (pZmUbi1-ccdB-HSP T) vector using Golden Gate

assembly to construct the module-A vectors: pYSS120

(PrCas12a), pYSS118 (HkCas12a), and pLSS62 (Mb3Cas12a),

respectively. The mature crRNA repeats of PrCas12a, HkCas12a

and Mb3Cas12a were synthesized by overlapping extension PCR,

and then assembled into the vector containing pOsUbi1-HH-HDV-

pinII T using Gibson assemble to construct the module-B vectors:

pLSS02 (PrCas12a mature crRNA repeats), pLSS22 (HkCas12a

mature crRNA repeats), and pLSS21 (Mb3Cas12a mature crRNA

repeats), respectively. The vectors of module-A, module-B and

pMOD_C0000a were assembled into the T-DNA backbone vector

pTRANS_210d (Addgene Plasmid #91109) (Cermak et al., 2017)

using Golden Gate assembly to generate T-DNA vectors

pGEL1022 (HkCas12a, Addgene Plasmid #225593), pGEL1023

(PrCas12a, Addgene Plasmid #225594), and pGEL1024

(Mb3Cas12a, Addgene Plasmid #225595). The coding sequences

of HkCas12a, PrCas12a, and Mb3Cas12a were provided in

Figure S11. The editing vectors were generated by annealing two

synthesized oligonucleotides flanked with BsaI restriction enzyme

sites. The final T-DNA recombinant expression vectors were

constructed using Golden Gate assembly.

For making Mb3Cas12a-STUHDH systems, we amplified

Mb3Cas12a and polyA-ccdB-DR fragments from pGEL1024 and

pGEL032 (Tang et al., 2019) respectively and replaced the fragment

of LbCas12a and its DR from pGEL032 using SbfI (Thermo Fisher

scientific, catalogue FD1194) and XbaI (Thermo Fisher scientific,

catalogue FD0684) to construct vector pLSS375. The linkers, Triplex

(Campa et al., 2019) and Comp.14 (Wilusz et al., 2012) were

synthesized by GenScript (Nanjing, China) and then cloned into

pLSS375 vector linearized by XmaI (Thermo Fisher scientific,

catalogue ER0171), with a partial fragment of Mb3Cas12a using

Gibson assembly. The linker sequences were provided in

Figure S12. The 3C NLS and 2C NLS were synthesized by Sangon

biotech (Shanghai, China) and then cloned into

pLSS375-SbfI + SrfI (NEB, catalogue R0629S) using Gibson assem-

bly. The NLS sequences were provided in Figure S13. The DR

sequences (4n61, 4n91, 4n96, 4n128, 4n137 and 4n149) were

synthesized by Sangon biotech, and cloned into pLSS375-KpnI
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(Thermo Fisher scientific, catalogue FD0524) + BstXI (Thermo

Fisher scientific, catalogue FD1024) using Gibson assembly. The

DR sequences were provided in Figure 4e. To prepare the

Mb3Cas12a-R variant (pGEL1026, Addgene Plasmid #225597),

the D172R mutation was introduced into pGEL1025 (Mb3Cas12a

with 4n96 DR, Addgene Plasmid #225596) with mutagenesis PCR.

Mb3Cas12a-R fragment was introduced into the SbfI and BsmBI

(Thermo Fisher scientific, catalogue ER0451) digested T-DNA

vector pGEL1025 using Gibson assembly. The construction of

Mb3Cas12a-RRR variant (pGEL1027, Addgene Plasmid #225598)

is similar to Mb3Cas12a-R, the three mutations (D172R/N573R/

K579R) were introduced into pGEL1025 with mutagenesis PCR.

Mb3Cas12a-RRR fragment was introduced into the SbfI and BsmBI

digested T-DNA vector pGEL1025 using Gibson assembly. The

Mb3Cas12a-RVRR variant was constructed similarly. Mutagenesis

PCR was used to amplify the four mutations (N573R/K579V/

N583R/K635R) and then the PCR product was cloned into the SbfI

and BsmBI digested T-DNA vector pGEL1025 using Gibson

assembly. The coding sequences of Mb3Cas12a-R, Mb3Cas12a-

RRR, Mb3Cas12a-RVRR were provided in Figure S11. The

pGEL1028 (Addgene Plasmid #225599) containing ZmUbi1

promoter was used for Mb3Cas12a-RRR expression in maize. The

pGEL1029 (Addgene Plasmid #225600) containing CaMV35S

promoter was used for Mb3Cas12a-RRR expression in tomato.

The resulting vectors were confirmed by Sanger sequencing.

Tables S1–S3 provides a comprehensive list of the oligos, T-DNA

vectors, and crRNAs used in this study, respectively.

Rice protoplast transformation and stable
transformation

The rice cultivar Nipponbare (Oryza sativa L. japonica) was used in

this study. For rice protoplast transformation, a previous protocol

was followed (He et al., 2024; Liu et al., 2022; Tang et al., 2020).

Briefly, rice seedlings were cultivated for 11 days in darkness at

28 °C. Subsequently, leaf segments approximately 1.0 mm in

length were excised and immersed in the enzyme digestion

solution, followed by vacuum infiltration for 30 min. The treated

leaf strips were then subjected to incubation at 25 °C in darkness,

with agitation at 70–80 rpm, for a period ranging between 6 and

8 h. Post-digestion, the mixture underwent filtration using a

40 lm cell strainer, thereby isolating the protoplasts. The

protoplast suspension was centrifuged at 100 g for 5 min, after

which the supernatant was discarded, and the protoplasts were

re-suspended in W5 buffer. Following decantation of the W5

buffer, protoplasts were re-suspended at a concentration of

2 9 106/mL in MMG solution. Subsequently, a mixture compris-

ing 30 lg of T-DNA plasmid and MMG was prepared,

constituting a total volume of 30 lL, and introduced into

200 lL of protoplasts (4 9 105 protoplasts). This mixture was

subjected to 30 min incubation in a PEG solution of equal

volume. The transfection mixture was subsequently diluted with

1 mL of W5 buffer and centrifuged at 250 g for 5 min to

eliminate the supernatant. The protoplasts were gently resus-

pended in W5 buffer and distributed evenly into individual wells

of a 12-well tissue culture plate. Following an incubation period

of 48 h at 32 °C in darkness, the protoplasts were harvested for

subsequent genome editing analyses. For analysing the editing

activity of Mb3Cas12a and its variants at different temperatures,

the protoplasts were incubated for 48 h at 22 °C, 28 °C, and
32 °C in the incubator in darkness respectively after protoplast

transformation. Then the protoplasts were harvested for subse-

quent genome editing analyses.

Transgenic rice lines were prepared using Agrobacterium-

mediated transformation which was conducted as published

previously (Toki et al., 2006; Zheng et al., 2023). Briefly, rice calli

were induced from seeds and cultured on N6-D medium for

7 days at 32 °C under light conditions. The T-DNA vectors were

introduced into Agrobacterium tumefaciens strain EHA105 by

freeze–thaw transformation. Each transformed Agrobacterium

EHA105 culture was incubated at 28 °C and then resuspended in

AAM-AS medium (OD600 = 0.1) supplemented with 100 mM

acetosyringone (AS). Following a 3-day co-cultivation period with

Agrobacterium, the calli were washed with sterile water and

transferred to N6-S medium containing 200 mg/L timentin and

50 mg/L hygromycin, where they were incubated for 2 weeks.

Subsequently, resistant calli were transferred to REIII medium

supplemented with 200 mg/L timentin and 50 mg/L hygromycin

to facilitate plant regeneration.

Maize protoplast transformation and stable
transformation

The maize cultivar Xiang 249 (X249) was used in this study. For

maize protoplast transformation, the process is similar to that

used for rice with some optimization (He et al., 2024; Liu

et al., 2022; Tang et al., 2020). Briefly, the maize seedlings were

cultivated for 10 days in darkness at 28 °C. Subsequently, leaves
were cut to about 1.0 mm strips and transferred into the enzyme

solution (the same as that used for rice) followed by vacuum-

infiltration for 30 min. The treated leaf strips were then subjected

to incubation at 25 °C in darkness, with agitation at 50–70 rpm,

for a period ranging between 6 and 8 h. Post-digestion, each

digestion mixture was filtered using a 40 lm cell strainer to

collect the protoplasts. The protoplasts were centrifuged at 100 g

for 5 min, after which the supernatant was discarded, and the

protoplasts were re-suspended in W5 buffer. Upon introduced of

the W5 buffer, protoplasts were diluted at a concentration of

2 9 106/mL in MMG solution. Following this, a mixture

comprising 30 lg of T-DNA plasmid and MMG was meticulously

prepared, amounting to a total volume of 30 lL, and subse-

quently introduced into 200 lL of protoplasts (4 9 105 pro-

toplasts). This mixture underwent a 30-min incubation period in a

PEG solution of equivalent volume. Subsequently, the transfec-

tion mixture was diluted with 1 mL of W5 buffer and subjected to

centrifugation at 250 g for 5 min to facilitate removal of the

supernatant. The protoplasts were resuspended in W5 buffer and

evenly dispensed into individual wells of a 12-well tissue culture

plate. Following an incubation duration of 48 h at 28 °C in the

absence of light, the protoplasts were collected for subsequent

genome editing analyses.

The genetic stable transformation of maize was conducted

according to the method reported with some optimization

(Wei, 2009). For the genetic transformation process of maize,

immature embryos from the self-pollinated X249 line were

excised when the seeds were pollinated for 8–12 days, and the

immature embryos reached a length of approximately

0.8–1.8 mm. The sterilized immature embryos were put into a

2 mL tube containing liquid XI infection medium with acetosyr-

ingone (AS). About 100 immature embryos were collected in

each 2.0 mL tube. Before infection, XI infection medium was

used to wash the isolated immature embryos. Then the immature

embryos were immersed in 1 mL of Agrobacterium tumefaciens

culture (OD600 = 0.3). After thorough mixing for 30 s, the

immature embryos were subjected to incubation for 5 min in

dark. After infection, the immature embryos were transferred
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along with the bacterial suspension onto co-cultivation medium.

Gentle agitation of the culture dish was applied to ensure even

distribution of the immature embryos on the medium. After-

wards, the immature embryos were delicately flipped using sterile

forceps, with the round side facing upwards and the flat side

downwards. Subsequently, they were subjected to dark incuba-

tion at 23 °C for 2 days. After 2 days of co-cultivation, the

immature embryos were transferred to XR medium using sterile

forceps, followed by dark incubation at 28 °C for approximately

7 days. Upon completion of resting medium incubation, imma-

ture embryos were transferred to selection medium I containing

bialaphos (5 mg/L). Incubation was carried out in darkness at

28 °C for 14–18 days. Calli masses derived from individual

immature embryos were dissected along the natural growth

fissures of the resistant callus using forceps, yielding approxi-

mately 5 mm diameter pieces. Each callus mass originating from

a single immature embryo was considered a unit. These callus

masses were then transferred to selection medium II containing

bialaphos at 8 mg/L and incubated in darkness at 28 °C for

14 days. Upon completion of the selection phase, resistant calli

were transferred to differentiation medium I supplemented with

bialaphos at 3 mg/L and cultured at 25 °C under a light intensity

of 5000 lux with a photoperiod of 16 h per day for 7 days. Once

calli or shoots turned green, they were promptly transferred to

differentiation medium II and cultured at 25 °C under a light

intensity of 5000 lux with a photoperiod of 16 h per day for

14 days to obtain regenerated seedlings. Healthy regenerated

seedlings with main stems were transferred to the rooting

medium and cultured at 25 °C under a light intensity of 5000 lux

with a photoperiod of 16 h per day for 7–14 days. After root

formation, partial leaf tissue of each seedling was taken for DNA

extraction and targeted mutation analysis.

Tomato protoplast transformation and stable
transformation

The Alisa Craig cultivar of tomato was used in this study. For

tomato protoplast transformation, a previous protocol was

followed (Fan et al., 2024; Liu et al., 2022). Briefly, the tomato

plants were cultivated under controlled conditions at 25 °C with

a photoperiod of 12 h light and 12 h dark. Leaves were cut to

1 mm from 25- to 30-day old plants. The leaves were

subsequently subjected to enzymatic digestion in a solution

maintained at 25 °C in darkness for a duration of 10–12 h.

Following digestion, the resulting cellular suspension was sieved

through a 75 lm cell strainer pre-soaked with W5 buffer and

subsequently centrifuged at 200 g for 10 min. The supernatant

was meticulously removed, and the cells were resuspended in a

solution containing 0.55 M sucrose. Upon centrifugation at

200 g for 30 min, a distinct band of protoplasts formed at the

interface, which were then carefully transferred to new 10 mL

tubes and subjected to two washes with 10 mL of W5 buffer.

The protoplasts were then resuspended in MMG solution, and

the final concentration was adjusted to 5 9 105/mL. Subse-

quently, a gentle mixing of 20 lL of plasmid DNA (at a

concentration of 1500 ng/lL), 200 lL of protoplasts, and

220 lL of filter-sterilized 40% PEG solution was carried out in

a 2 mL round tube. Following a 30-min incubation period at

room temperature, the reactions were halted by the addition of

1000 lL of W5 buffer. The protoplasts were harvested via

centrifugation and subsequently transferred into 12-well culture

plates. These plates were then incubated at 25 °C in darkness

for a duration of 48 h.

For the genetic transformation process of tomato, seeds were

disinfected with a 5% sodium hypochlorite solution for 15 min,

followed by rinsing with sterile water three times, and sown in 1/

2MS medium. The plants were grown in sterile conditions in a

culture chamber with controlled temperatures of 22 °C/18 °C
and a photoperiod of 16 h/8 h (day/night) for 6–7 days. The

cotyledons were fully expanded and used for Agrobacterium-

mediated transformation. The genetic transformation of tomato

was conducted according to the method reported with optimi-

zation (Van Eck et al., 2019). Firstly, the middle portion of the

cotyledons was placed on pre-culture medium KCMS for 1 day.

Secondly, the Agrobacterium infiltration solution was prepared

with an OD600 = 0.1, and the cotyledons were infiltrated for

20 min, followed by removal of the bacterial liquid and

incubation in the dark for 2 days. Thirdly，the cotyledons were

then transferred to selection medium (MS salt 4.4 g/L + sucrose

30 g/L + agar 8 g/L + organic 1 mL/L + Zeatin 2 mg/L + Aug-

mentin 400 mg/L + Timentin 200 mg/L + Kanamycin 100 mg/L,

pH 5.8) and the medium was replaced every 3–4 weeks for

subculture. Finally, the resistant callus was carefully excised and

transferred to rooting medium (MS salt 4.4 g/L + sucrose 30 g/

L + agar 8 g/L + organic 1 mL/L + Augmentin 200 mg/

L + Timentin 100 mg/L + Kanamycin 50 mg/L, pH 5.8) for root

induction. When the tomato seedlings grew into adult plants, the

leave were used for mutation analysis.

Detection of targeted mutations

The protoplasts or leave derived from rice, maize, or tomato were

subjected to DNA extraction utilizing the CTAB method (Stewart

Jr. and Via, 1993). Targeted mutagenesis quantification of

protoplasts was carried out through next-generation sequencing

(NGS) of polymerase chain reaction (PCR) amplicons amplified

with barcoded primers. After sequencing, data analysis was

executed employing CRISPRMatch (You et al., 2018) and

CrisprStitch (Han et al., 2024). Genotyping of T0 or T1 lines were

sequenced by Sanger sequencing of PCR amplicons. The

sequencing data were analysed using the CRISPR-GE DSDecodeM

software (Xie et al., 2017).

Investigation on agronomic characters of rice

The rice cultivar Nipponbare (Oryza sativa L. japonica) was used as

the WT control, the promoter editing lines and WT lines were

conducted at Chengdu, Sichuan province (30° 430 N, 103° 520 E)
in 2023 in natural environments. The rice yield-related traits were

measured according to a previous method (Shen et al., 2018).

Eight to ten individual plants were used for data collection of each

genotype. The total starch content and amylose content were

measured in Shanghai Sanshu Biotechnology Company.

Iodine staining of endosperm

The hulls of rice seeds were removed to observe phenotypes of

the grains. The grains were dissected longitudinally to expose the

endosperm. Then the solution of iodine reagent (0.2%) was

dropped onto these gains, and images were captured following

an incubation period of 3–5 min (Zheng et al., 2018).

RNA extraction and RT-qPCR

For OsGBSS1 promoter editing plants, panicles were collected at

7 days post-flowering to extract RNA. For OsD18 promoter

editing plants, leaves from the 60 day-old plants were collected

to extract RNA. RNA extraction was performed using the

SteadyPure Plant RNA Isolation Kit (Accurate Biology, China),
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followed by reverse transcription using the HiScript III 1st Strand

cDNA Synthesis Kit (Vazyme, China). Real-time quantitative

polymerase chain reaction (qPCR) was conducted using the

ChamQ Universal SYBR qPCR Master Mix (Vazyme, China)

following the manufacturer’s instructions, with OsActin used as

control. The 2�DDCt method was used to calculate the relative

expression levels of the target genes. Three biological replicates

were used in this analysis. The primers used in qPCR are listed in

Table S1.

Data analysis

All data were analysed with the GraphPad Prism 9.0 software,

and the figures were made using the Adobe Photoshop and

Adobe Illustrator software.
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Supporting information

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Figure S1 Genotypes of T0 plants edited by Mb3Cas12a at both

TTTV and TTV PAM sites in rice. Protospacer and protospacer

adjacent motif (PAM) were colour-coded in blue and red,

respectively.

Figure S2 Analyses of genome editing profile in rice protoplasts.

(a) Assessment of deletion frequencies by six Cas12a orthologs at

the TTTG site in rice protoplasts at 32 °C. (b–d) Deletion size

profile of Cas12a orthologs at TTTG site in rice protoplasts at

32 °C. (b) (HkCas12a), (c) (PrCas12a), (d) (Mb3Cas12a). (e–h)
Assessment of protospacer length requirements at the OsDEP1-

cR02 site in rice protoplasts. (f) (HkCas12a), (g) (PrCas12a), (h)

(Mb3Cas12a). Three biological replicates were used. The error

bars denote standard deviations.

Figure S3 Multiplexed editing by an Mb3Cas12a STUDD system

based on self-processing of the DR array. (a) The schematic

diagram of the CRISPR-Mb3Cas12a STUDD vector system based

on the DR array self-processing. (b) Editing efficiency at three sites

in rice T0 lines. 15 independent T0 lines were genotyped at each

target site for wild type (denoted as an empty rectangle) and

monoallelic mutant (denoted as a half-filled rectangle).

Figure S4 Genotypes of multiplex edited rice plants by two

CRISPR-Mb3Cas12a systems. Genotypes of T0 plants edited by

Mb3Cas12a STUHDH and Dual Pol II systems in rice. In both cases,

dual ribozyme-based processing of crRNAs was used. PAM and

spacer sequence were colour-coded in red and blue, respectively.

The inserted sequence was colour-coded in purple.

Figure S5 Comparison of FnCas12a and HkCas12a coupled with

DR and 4n96 DR-based editing efficiency at 4 target sites in rice

protoplasts. The experiments in rice protoplasts were conducted

at 32 °C, and three biological replicates were used. The error bars

denote standard deviations.

Figure S6 Genome editing using Mb3Cas12a variants in rice

protoplasts. (a) Sequence alignment showing the mutated amino

acid in Mb3Cas12a-R, Mb3Cas12a-RRR, and Mb3Cas12a-RVRR

compared to the wild-type Cas12a. (b) Schematics of Mb3Cas12a

and its variants’ vectors in the optimized STUHDH expression

system. (c, d) Editing profiles of Mb3Cas12a and its variants on

one TTTV PAM site in rice protoplasts at 32 °C. (c) Mutation

frequencies. Indel, insertions and deletions; (d) Deletion sizes. The

mutation frequencies were calculated by amplicon sequencing.

The error bars indicated the standard errors of three biological

replicates.

Figure S7 Genotyping of promoter editing rice lines generated by

the optimized CRISPR-Mb3Cas12a system. (a) Editing efficiency

of Mb3Cas12a at the promoters of OsGBSS1 and OsD18 in rice T0
lines. (b) Agarose gel electrophoresis analysis of mutations in the

OsGBSS1 promote target region in T0 lines. The T1 homozygous

lines from #7, #9, #10 for the further study. (c) Agarose gel

electrophoresis analysis of mutations in the OsD18 promoter

target region in T0 lines. The T1 homozygous lines from #11, #12,

#13, #19 for the further study. ND, not detected.

Figure S8 Genotypes of five Mb3Cas12a-based OsGBSS1

promoter (OsGBSS1-Pro) editing T1 lines. PAM and spacer

sequence were colour-coded in red and blue, respectively. The

inserted sequence was colour-coded in purple.

Figure S9 Genotypes of four Mb3Cas12a-based OsD18 pro-

moter (OsD18-Pro) editing T1 lines. PAM and spacer sequence

were colour-coded in red and blue, respectively. The inserted

sequence was colour-coded in purple.

Figure S10 Prediction of ZmMIR159f secondary structures in the

maize mutants.

Figure S11 Cas12a coding sequences used in this study.

Figure S12 DNA sequences of Mb3Cas12a STUHDH vectors with

different linkers. (a–c) Vector’s DNA sequences with different

linkers ((a) PolyA; (b) Triplex; (c) Comp.14). SV40 NLS was colour-

coded in red, Mb3Cas12a was in black, nucleoplasmin NLS was
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colour-coded in dark blue, linker was highlighted with yellow ((a)

PolyA; (b) Triplex; (c) Comp.14), HH was colour-coded in dark

green, Mb3Cas12a DR was colour-coded in dark purple, crRNA

was colour-coded in light blue, HDV was colour-coded in light

green.

Figure S13 DNA sequences of Mb3Cas12a STUHDH vectors with

different NLS. (a–c) Vector’s DNA sequences with different NLS

((a) NC NLS; (b) 3C NLS; (c) 2C NLS). SV40 NLS was highlighted

with yellow, Mb3Cas12a was in black, nucleoplasmin NLS was

highlighted with light purple, PolyA was colour-coded in red, HH

was colour-coded in dark green, Mb3Cas12a DR was colour-

coded in dark purple, crRNA was colour-coded in light blue, HDV

was colour-coded in light green, HA tag was colour-coded in

orange.

Table S1 Oligos used in this study.

Table S2 T-DNA constructs used in this study.

Table S3 crRNAs used in this study.
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