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Since its first demonstration as an RNA-guided nuclease1, 
CRISPR-Cas9 has been rapidly applied for genome editing in 
eukaryotes, including plants2,3. It has been predominantly used 

for targeted mutagenesis through error-prone, non-homologous 
end-joining (NHEJ) repair. In recent years, Cas9 nickase 
(Cas9n)-derived base editors such as cytosine base editors (CBEs) 
and adenine base editors (ABEs) have gained momentum for 
inducing precise base changes in genomes4,5. Dual base editors that 
confer simultaneous C-to-T and A-to-G base edits have also been 
developed and include the synchronous programmable adenine 
and cytosine editors SPACE6, A&C-BEmax7 and Target-ACEmax8, 
which have been demonstrated in human cells, and saturated tar-
geted endogenous mutagenesis editors (STEMEs), which have been 
demonstrated in plants9. In addition, a platform was developed for 
simultaneous adenine base editing, cytosine base editing and NHEJ 
mutagenesis in plant genomes10. However, these multifunctional 
CRISPR systems are limited in their capabilities since they only 
facilitate genome editing.

Aside from genome editing, CRISPR-Cas9 has been repurposed 
for genome reprogramming at the transcriptional level. CRISPR 
activation (CRISPRa) systems allow for transcriptional activation 
and were developed in both mammalian11,12 and plant cells13–15. These 
CRISPRa systems are based on a nuclease-deactivated Cas9 (dCas9) 
that retains single guide RNA (sgRNA)-mediated DNA-binding 
activity1. To achieve simultaneous genome editing and transcrip-
tional regulation, multiple constructs expressing orthogonal Cas9 
proteins were codelivered into mammalian cells16,17. However, this 
approach is less applicable in plants because of the low efficiency 
of Agrobacterium-mediated cotransformation of multiple Cas9 
constructs18,19. Previous studies have shown that the DNA cleavage 
activity of Cas9 and Cas12a can be abolished without compromis-
ing DNA binding by using truncated protospacers20,21. On the basis 
of this principle, nuclease active Cas9-VPR and AsCas12a-VPR 
fusions were engineered for orthogonal gene knockout and tran-
scriptional activation in mammalian cells20,22. However, a robust 

CRISPR system for simultaneous base editing and transcriptional 
activation is yet to be developed in any organism.

Recently, we developed a highly potent CRISPR-Act3.0 system 
for gene activation in plants which uses an engineered sgRNA2.0 
scaffold for recruiting transcriptional activators23. We postulated 
that CRISPR-Act3.0 could be used to further develop a sophisticated 
CRISPR platform for simultaneous genome editing and gene activa-
tion since the transcriptional activator is recruited by the sgRNA 
scaffold, not by Cas protein fusions as used in earlier studies20,22. 
Tasking two distinct functionalities to Cas9 and sgRNA, respectively, 
would enable the development of truly orthogonal genome editing 
and gene activation systems. On the basis of this design principle, 
we developed a versatile CRISPR-Combination (CRISPR-Combo) 
platform for robust orthogonal genome editing (targeted mutagen-
esis or base editing) and gene activation in plants. We showed the 
orthogonal CRISPR-Combo functionalities in rice and tomato pro-
toplasts. To demonstrate CRISPR-Combo as a powerful technology, 
we applied it in Arabidopsis, poplar and rice to promote flowering 
and accelerate plant regeneration and propagation while simultane-
ously enriching for high-efficiency genome-edited plants.

Results
CRISPR-Combo for targeted mutagenesis and gene activation. 
To assess inactivation of the DNA cleavage activity of CRISPR-Cas9 
through sgRNA engineering, we tested targeted mutagenesis by 
Cas9 at OsYSA and OsMAPK5 loci using different protospacer 
lengths in rice protoplasts. Restriction fragment length poly-
morphism (RFLP) analysis showed that 17- to 20-nucleotide (nt) 
protospacers conferred efficient mutagenesis while 14- to 16-nt 
protospacers were unable to cause mutations at both target sites 
(Extended Data Fig. 1a). On the basis of our previous developed 
CRISPR activation system CRISPR-dCas9-Act3.0 (ref. 23), we cre-
ated the CRISPR-Cas9-Act3.0 (Cas9-Act3.0) system by replacing 
the deactivated Cas9 (dCas9) with wild-type Cas9 (Extended Data  
Fig. 1b) and comparison between Cas9-Act3.0 and Cas9 coupled 

Boosting plant genome editing with a versatile 
CRISPR-Combo system
Changtian Pan   1, Gen Li1, Aimee A. Malzahn1, Yanhao Cheng1, Benjamin Leyson1, 
Simon Sretenovic   1, Filiz Gurel1, Gary D. Coleman1,2 and Yiping Qi   1,2 ✉

CRISPR-Cas9, its derived base editors and CRISPR activation systems have greatly aided genome engineering in plants. 
However, these systems are mostly used separately, leaving their combinational potential largely untapped. Here we develop 
a versatile CRISPR-Combo platform, based on a single Cas9 protein, for simultaneous genome editing (targeted mutagenesis 
or base editing) and gene activation in plants. We showcase the powerful applications of CRISPR-Combo for boosting plant 
genome editing. First, CRISPR-Combo is used to shorten the plant life cycle and reduce the efforts in screening transgene-free 
genome-edited plants by activation of a florigen gene in Arabidopsis. Next, we demonstrate accelerated regeneration and 
propagation of genome-edited plants by activation of morphogenic genes in poplar. Furthermore, we apply CRISPR-Combo to 
achieve rice regeneration without exogenous plant hormones, which is established as a new method to predominately enrich 
heritable targeted mutations. In conclusion, CRISPR-Combo is a versatile genome engineering tool with promising applications 
in crop breeding.

Nature Plants | VOL 8 | May 2022 | 513–525 | www.nature.com/natureplants 513

mailto:yiping@umd.edu
http://orcid.org/0000-0002-5852-059X
http://orcid.org/0000-0002-3080-5104
http://orcid.org/0000-0002-9556-6706
http://crossmark.crossref.org/dialog/?doi=10.1038/s41477-022-01151-9&domain=pdf
http://www.nature.com/natureplants


Articles NatuRE PlantS

with a normal sgRNA (gR1.0) scaffold showed that they had com-
parable editing activities at two independent target sites when cou-
pled with sgRNAs of 20-nt protospacers (Extended Data Fig. 1b). 
Reduction of the protospacers to 15-nt abolished editing activity 
of both systems (Extended Data Fig. 1b). These data indicate that 
Cas9-Act3.0 possesses wild-type levels of Cas9 nuclease activity, 
which can be deactivated with short protospacers. Next, we assessed 
gene activation by Cas9-Act3.0 with the sgRNA2.0 scaffold14 and 
variable protospacer lengths. Robust transcriptional activation 
of the target genes (OsGW7 and OsER1) was observed with short 
14- to 16-nt protospacers (Extended Data Fig. 1c). By contrast, lon-
ger protospacers (for example, 17- to 20-nt) showed reduced gene 
activation efficiency (Extended Data Fig. 1c), suggesting targeted 
mutagenesis had occurred at these sites which prevented the further 
binding of the activation system to the promoters.

These experiments demonstrated the first CRISPR-Combo sys-
tem that could allow for simultaneous targeted mutagenesis and 
gene activation in plants in an orthogonal manner programmed 
by co-expression of gR1.0 and sgRNA2.0 (gR2.0) scaffolds with 
20-nt protospacers and 15-nt protospacers, respectively (Fig. 1a). 
To benchmark this CRISPR-Combo system, we further tested 
whether Cas9-Act3.0 enables orthogonal gene activation OsBBM1 
and mutagenesis of OsGW2 and OsGN1a with both NGG and NGC 
protospacer adjacent motifs (PAMs) (Fig. 1b,c and Supplementary 
Table 1). At the canonical NGG PAM site, Cas9-Act3.0 in the 
CRISPR-Combo system showed a comparable OsBBM1 activa-
tion level to that of dCas9-Act3.0 (Fig. 1c). Not surprisingly, both 
systems failed to activate OsBBM1 at an NGC non-canonical PAM 
site (Fig. 1c). We next compared Cas9-Act3.0 with Cas9 at edit-
ing two NGG PAM sites and two NGC PAM sites. Both systems 
showed higher editing efficiency at the preferred NGG PAM sites 
(Fig. 1c). Importantly, there was no significant difference between 
Cas9-Act3.0 and Cas9 on genome editing activity (Fig. 1c). We 
further assessed the system in tomato by simultaneous activa-
tion of SFT and targeted mutagenesis of SolyA7 (Supplementary  
Table 1). Cas9-Act3.0 even induced a significantly higher activa-
tion of SFT compared with dCas9-Act3.0 (Fig. 1d). The editing 
efficiency of Cas9-Act3.0 at the SolyA7 target site was substantially 
reduced compared with Cas9 but remained high. Furthermore, 
Cas9-Act3.0 resulted in similar NHEJ mutation profiles to those 
of Cas9 at the target sites in rice and tomato protoplasts, both for 
deletion positions and deletion sizes (Extended Data Fig. 2a,b). 
Next-generation sequencing (NGS) showed that Cas9-Act3.0 with 
15-nt protospacer, unlike the 20-nt protospacer control, did not 
result in detectable genome editing events in the promoter regions 
of OsBBM1 and SFT, based on the protoplast assay of rice and 
tomato, respectively (Extended Data Fig. 2c and Supplementary 
Table 1). This confirms the orthogonal functions of the CRISPR- 
Combo system.

Recently, the Cas9 variant SpRY was demonstrated for PAM-less 
genome editing in human cells24 and plants25–27. On the basis of 
the CRISPR-Combo principle, we further demonstrated that 
SpRY-Act3.0 enables orthogonal gene activation and mutagenesis 
by simultaneously targeting OsBBM1, OsGW2 and OsGN1a at both 
NGG and NGC PAMs (Extended Data Fig. 3a and Supplementary 
Table 1). At both the NGG and NGC PAM sites, SpRY-Act3.0 sys-
tems induced comparable activation efficiencies ~10- to 30-fold 
gene activation compared to the dSpRY-Act3.0 system (Extended 
Data Fig. 3a). We further compared SpRY-Act3.0 and SpRY for 
genome editing at OsGW2 and OsGN1a. SpRY-Act3.0 retained 
genome editing capability, albeit with lower editing efficiency at 
three out of four target sites (Extended Data Fig. 3b). Furthermore, 
SpRY-Act3.0 and SpRY showed similar NHEJ mutation profiles 
(Extended Data Fig. 3c,d). These results suggest that SpRY-Act3.0 
allows for simultaneous PAM-less targeted mutagenesis and  
gene activation.

CRISPR-Combo for base editing and gene activation. We next 
sought to develop CRISPR-Combo systems suitable for simulta-
neous base editing and gene activation. For C-to-T base editing, 
CBE-Cas9n-Act3.0 was generated by implanting the highly effi-
cient A3A/Y130F-Cas9-UGI28–30 into the CRISPR-Act3.0 system23  
(Fig. 2a,b). For A-to-G base editing, ABE8e-Cas9n25,31 was used to 
generate ABE-Cas9n-Act3.0 (Fig. 2a,b). These BE-Cas9n-Act3.0 
systems were first assessed in rice protoplasts by simultaneous 
activation of OsBBM1 and mutagenesis of OsALS and OsEPSPS 
(Supplementary Table 1). These systems were capable of simul-
taneous base editing and gene activation, resulting in similar 
gene activation levels to those that contained activation sgRNAs 
alone, although ABE-Cas9n-Act3.0 drastically reduced the acti-
vation potency (Fig. 2c), which might be partly attributed to 
ABE8e dimerization32. However, the CBE-Cas9n-Act3.0 and 
ABE-Cas9n-Act3.0 systems had similar base editing activity to the 
canonical CBE-Cas9n and ABE-Cas9n systems (Fig. 2c). We further 
tested CBE-Cas9n-Act3.0 in tomato protoplasts. The results showed 
high gene activation potency when both activation and base editing 
sgRNAs were co-expressed (Fig. 2d) and there was slight reduction 
of base editing efficiency when compared to CBE-Cas9n (Fig. 2d). 
Compared to the canonical base editors, the base editing windows 
were not altered for either CBE-Cas9n-Act3.0 or ABE-Cas9n-Act3.0 
(Extended Data Fig. 4a-c). To further evaluate the editing activity 
of CBE-Cas9n-Act3.0 and ABE-Cas9n-Act3.0 systems with 15-nt 
protospacer, the editing events were analysed at promoter region 
of both OsBBM1 and SFT using NGS. The CBE-Cas9n-Act3.0 and 
ABE-Cas9n-Act3.0 systems expressing empty sgRNA and 20-nt pro-
tospacer were used for negative and positive controls, respectively 
(Extended Data Fig. 4d and Supplementary Table 1). In both rice 
and tomato protoplasts, CBE-Cas9n-Act3.0 and ABE-Cas9n-Act3.0 
systems induced efficient C-to-T or A-to-G conversion with a 20-nt 
protospacer but undetectable base editing frequency using a 15-nt 
protospacer or an empty sgRNA (Extended Data Fig. 4d).

To broaden the targeting scope, we again harnessed SpRY and 
generated CBE-SpRYn-Act3.0 and ABE-SpRYn-Act3.0. By simul-
taneously targeting OsBBM1, OsALS and OsEPSPS, we found that 
CBE-SpRYn-Act3.0 only generated a low level of gene activation 
of OsBBM1 in rice protoplasts, while ABE-SpRYn-Act3.0 failed to 
activate this gene (Extended Data Fig. 5a), consistent with previous 
observation of low activation potency of dSpRY-Act3.0 (ref. 23) and 
ABE-Cas9n-Act3.0 (Fig. 2c). However, both CBE-SpRYn-Act3.0 
and ABE-SpRYn-Act3.0 systems yielded relatively comparable base 
editing efficiency (Extended Data Fig. 5b) and base editing windows 
to the canonical CBE and ABE controls (Extended Data Fig. 5c,d).

Accelerated breeding of transgene-free genome-edited plants. 
To demonstrate powerful applications of CRISPR-Combo, we 
focused on addressing some of the most pressing challenges in 
plant genome editing. The first challenge is achieving accelerated 
breeding of genome-edited transgene-free plants. We recently 
showed that activation of the florigen gene AtFT in Arabidopsis 
by CRISPR-Act3.0 promoted early flowering23. We reasoned that 
a CRISPR-Combo-based genome editing pipeline with simul-
taneous activation of AtFT would have three benefits compared 
to the traditional genome editing experiments. First, it would 
drastically reduce the time to flowering. Second, the transgenic 
plants with early flowering phenotypes would suggest high lev-
els of CRISPR-Combo expression, aiding the identification of 
high-frequency genome-edited lines. Third, selection of standard 
flowering plants in the next generation would drastically reduce 
the screening efforts for transgene-free genome-edited plants 
by at least 75%, based on the Mendelian segregation ratios of a  
single transgene.

To develop this improved genome editing pipeline, we decided 
to test two CRISPR-Combo systems, Cas9-Act3.0 for targeted 
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mutagenesis and CBE-Cas9n-Act3.0 for C-to-T base editing, in 
Arabidopsis. A strong constitutive promoter AtUBQ10 was used to 
express both Cas9 and Cas9n. For Cas9-Act3.0, multiplexed genome 
editing (GE) of AtPYL1 and AtAP1 was pursued with simultaneous 
activation of AtFT (Fig. 3a and Supplementary Table 1). Extra-early 
flowering T1 plants were observed for this construct but not for the 
Cas9 genome editing control construct or the Cas9-Act3.0 control 
without the AtFT activation sgRNA (Fig. 3a). Similarly, a multi-
plexed CBE-Cas9n-Act3.0 construct was made for simultaneous 
base editing of two herbicide target genes (AtALS and AtACC2) 
with concurrent activation of AtFT (Supplementary Table 1). This 
construct, not the CBE-nCas9 base editor control, also resulted in 
T1 transformants with extra-early flowering phenotypes (Fig. 3a). 
We quantified gene editing frequencies for T1 lines by NGS of PCR 
amplicons. For Cas9 and Cas9-Act3.0-GE (without AtFT activation) 

constructs, both systems produced comparable editing frequencies 
at the AtPYL1 and AtAP1 sites (Fig. 3b). For the Cas9-Act3.0-A + GE 
construct for simultaneous gene activation and editing, T1 plants 
were classified into three groups: extra-early flowering, early flow-
ering and standard (for example, wild-type-like flowering time). 
Extra-early flowering plants showed overall higher genome editing 
frequencies, especially compared to the standard flowering plants 
(P = 0.021 at AtPYL1 and P = 0.088 at AtAP1) (Fig. 3b). Compared 
to the standard plants resulting from the Cas9 and Cas9-Act3.0-GE 
constructs, the median editing frequencies were elevated for 
Cas9-Act3.0-A + GE extra-early flowering plants (Fig. 3b). We next 
quantified C-to-T base editing frequencies for the T1 plants from 
the multiplexed CBE-Cas9n-Act3.0 construct. The extra-early flow-
ering plants showed significantly higher base-editing frequencies 
than the early flowering (P = 0.018 and P = 0.003) and standard  
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Fig. 1 | Development of the Cas9-Act3.0 system for simultaneous targeted mutagenesis and gene activation. a, Diagram of the Cas9-Act3.0-induced 
simultaneous targeted mutagenesis and activation. The Cas9-Act3.0 system consists of a catalytically active Cas9 nuclease and MS2 bacteriophage 
coat protein (MCP)-SunTag-activator complex and two kinds of single guide (sgRNA) scaffolds gR1.0 and gR2.0. Each SunTag peptide can recruit ten 
copies of activator 2xTAL activation domain (TAD) by single-chain variable fragment (scFV) of GCN4 antibody fused to a super-folder GFP (sfGFP). 
gR2.0 contains two MS2 RNA aptamers (in red) which can bind the MCP-SunTag-2xTAD transcriptional activation complex to activate gene expression 
with a 15-nt protospacer and Cas9 nuclease without inducing double-strand breaks (DSB). Simultaneously, gR1.0 induces DSB with a 20-nt protospacer 
and Cas9 nuclease. b, Schematic illustration of Cas9-Act3.0 expression vectors. GS, glycine–serine linker; SunTag, ten tandem repeats of GCN4 peptide; 
Ter, terminator; M-U3, multiple tandem repeats of independent U3 promoter-based gR1.0 and gR2.0 expression cassettes; M-tRNA, multiple transfer 
RNA-mediated gR1.0 and gR2.0 expression cassettes driven by a Pol II promoter ZmUbi; NLS, nuclear localization signal. c,d, Cas9-Act3.0 induces 
simultaneous gene activation and indel mutation in rice (c) and tomato (d) protoplasts, respectively. One 15-nt protospacer each for OsBBM1 and SFT 
was separately cloned into the gR2.0 scaffold for Cas9-Act3.0-mediated gene activation. One 20-nt protospacer each for OsGW2, OsGN1a and SolyA7 
was separately cloned into the gR1.0 scaffold for Cas9-Act3.0-mediated genome editing. The dCas9-Act3.0 activation system and Cas9 genome editing 
system are used as controls. M-tRNA and M-U3 systems were used for rice and tomato assays, respectively. For the quantitative reverse-transcription 
PCR (qRT–PCR) assays, T-DNA vectors without sgRNAs served as the negative control (CTRL). OsTubulin and SlUbi3 are selected as the endogenous 
control genes for rice and tomato, respectively. Each dot represents an individual biological replicate. Error bar, mean ± s.d. (n = 3 independent 
experiments). P values were obtained using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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plants (P = 0.0004 and P = 0.0002) at the AtALS site and the 
AtACC2 site, respectively (Fig. 3c). Compared to the conventional 
CBE-Cas9n vector, the dynamic ranges of base-editing frequen-
cies were much narrower for the extra-early flowering plants of the 
CBE-Cas9n-Act3.0-A + BE construct at both target sites (Fig. 3c), 
suggesting extra-early flowering plants had more robust editing 
across the population.

We next sought to evaluate whether the early flowering pheno-
type could be reliably used as a phenotypic marker for transgenic 
plants in the next (T2) generation. We focused on the progeny of a 

total of 12 independent extra-early flowering T1 lines. Plants from 
each T2 population were also classified as extra-early flowering, early 
flowering and standard (Fig. 3d). For the Cas9-Act3.0-A + GE con-
struct, six T2 populations were examined, with numbers of plants 
ranging from 94 to 137 per population. The ratios of all extra-early 
and early flowering plants to the standard plants averaged 2.8 to 
1 (Fig. 3e), indicating that nearly all the parental T1 lines carried 
only one transfer DNA (T-DNA) integration event. Remarkably, 
PCR-based genotyping confirmed that standard plants are indeed 
mostly transgene-free plants with an average of 92% accuracy 
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simultaneous gene activation and base editing in rice (c) and tomato (d) protoplasts. One 15-nt protospacer of OsBBM1 and SFT was cloned into each 
gR2.0 scaffold for CBE- and ABE-Cas9n-Act3.0-mediated gene activation, respectively. One 20-nt protospacer for OsALS, OsEPSPS and SolyA7 was 
cloned into each gR1.0 scaffold for CBE- and ABE-Cas9n-Act3.0-mediated base editing, respectively. A, CBE/ABE-Cas9n-Act3.0 mediates target gene 
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scaffolds. Base editing constructs CBE-Cas9n and ABE-Cas9n were used as controls. M-tRNA and M-U3 systems were used for rice and tomato assays, 
respectively. For the quantitative reverse-transcription PCR (qRT–PCR) assays, T-DNA vectors without sgRNAs served as the negative CTRL. OsTubulin 
and SlUbi3 are selected as the endogenous control genes for rice and tomato, respectively. Each dot represents an individual biological replicate. Error bar, 
mean ± s.d. (n = 3 independent experiments). P values were obtained using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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(Fig. 3e). Similar results were found for the T2 plants from the 
CBE-Cas9n-Act3.0-A + BE (based editing) T1 lines, where standard 
plants were confirmed by molecular genotyping as transgene-free 
plants with an average of 93% accuracy (Fig. 3f). To identify 
genome-edited lines in these transgene-free plants, we genotyped 
these T2 lines by NGS. For the Cas9-Act3.0-A + GE construct, all 
five T2 populations generated detectable mutants with line no. 2 
having the highest number of genome-edited lines with a median 
editing frequency of ~50% at the AtPYL1 site (Supplementary  
Fig. 1a). Transgene-free homozygous, biallelic and heterozygous 
atpyl1 were readily identified in these populations (Supplementary 
Fig. 1b). The AtAP1 site was barely mutated, which is probably due 
to the non-heritable somatic mutations induced in the T1 plants 
(Supplementary Fig. 1a). For the CBE-Cas9n-Act3.0-A + BE con-
struct, all five T2 populations generated base-edited lines (Extended 
Data Fig. 6a). The editing frequency at the AtACC2 site was higher 
than that of the AtALS site in each T2 population (Extended Data 
Fig. 6a), which is consistent with the data in T1 lines (Fig. 3c). 
Nevertheless, transgene-free double mutants (atals ataac2) and 
single mutants (atals or ataac2) were readily identified in the stan-
dard T2 lines (Fig. 3g and Extended Data Fig. 6b). As expected, the 
T3 generation from three T2 lines (nos. 14-23, 17-11 and 17-22) all 
showed herbicide resistance, conferred by base-edited AtALS alleles 
(Fig. 3h and Supplementary Fig. 2a). Consistently, NGS-based gen-
otype analysis of two T3 populations showed high-frequency base 
editing at AtALS and AtACC2 sites (Supplementary Fig. 2b,c).

We investigated whether the Cas9-Act3.0-A + GE and 
CBE-Cas9n-Act3.0-A + BE constructs would induce potential 
off-target events at AtFT target sites with a 15-nt protospacer. 
Among a total of 184 selected T2 extra-early flowering plants and 
transgene-free plants, no off-target event was detected at both 
AtFT sites for either Cas9-Act3.0 or CBE-Cas9n-Act3.0 systems 
(Extended Data Fig. 7a,b). Altogether, we developed a highly 
specific CRISPR-Combo-based pipeline for rapid generation of 
transgene-free genome-edited plants (Fig. 3i).

Accelerated regeneration of genome-edited poplar. Many plant 
species and cultivars are recalcitrant to tissue culture and regen-
eration, hindering genome editing applications33. To overcome this 
challenge, ectopic expression of morphogenic genes could be applied 
to boost plant tissue culture and de novo meristem regeneration34–36. 
Given the pluripotency potential of plant cells and the presence of 
morphogenic genes in every plant genome, we hypothesize that 
plant regeneration could be stimulated by activation of endogenous 
morphogenic genes. We first explored this idea in poplar, a woody 
plant and bioenergy crop. A CRISPR-Combo construct was made 
to simultaneously edit Pt4CL1 and activate the poplar morphogenic 

gene WUSCHEL (PtWUS)37 (Supplementary Table 1) and the Cas9 
was driven by a strong constitutive promoter AtUBQ10. Compared 
to the conventional Cas9-GE construct, the CRISPR-Combo con-
struct (Cas9-Act3.0-A + GE) resulted in accelerated root initiation 
and shoot growth in two independent experiments (Fig. 4a and 
Extended Data Fig. 8a). With CRISPR-Combo, the days to root were 
reduced by half while the rooting rate doubled to nearly 100% (Fig. 4b  
and Extended Data Fig. 8a). Expression analysis by quantitative 
reverse-transcription PCR (qRT–PCR) on 20 CRISPR-Combo T0 
lines showed PtWUS activation for the majority of lines, with acti-
vation in multiple lines in excess of 100-folds (Fig. 4c). Remarkably, 
both Cas9 and CRISPR-Combo systems resulted in 100% genome 
editing efficiency and >75% of lines carried homozygous or bial-
lelic mutations for either construct (Fig. 4d and Extended Data  
Fig. 8b). We further tested three CRISPR-Combo lines with various 
levels of PtWUS activation on the callus induction medium (CIM). 
Interestingly, the lines (nos. 2 and 4) with 200-fold or higher PtWUS 
activation showed very rapid de novo callus induction from petiole 
cuttings, when compared to the low activation line (no. 17) or the 
control line (Extended Data Fig. 8c). We also conducted de novo 
callus regeneration from leaf discs and observed that more calli were 
induced from leaf discs of PtWUS high-activation lines (nos. 2 and 4)  
(Extended Data Fig. 8c). Interestingly, PtWUS high-activation 
lines nos. 4 and 2 showed more robust de novo root initiation and 
shoot growth of stem cuttings and the resulting in vitro cultured 
plants outgrew the controls in size (Fig. 4e and Extended Data  
Fig. 8d,e). Importantly, the PtWUS high-activation line (no. 4) grown 
in soil showed significantly increased plant height (P = 0.025) and 
substantially enhanced shoot biomass (P = 0.054) (Fig. 4f). The root 
length and biomass were also predominantly increased (P = 0.035 
and P = 0.013) (Fig. 4g). Compared to control lines, the leaf area 
of line no. 4 was on average enlarged by 25% (Extended Data  
Fig. 8g). Enhanced shoot and root growth were also observed in 
line no. 2 but this was not statistically significant (Extended Data  
Fig. 8f-h). Overall, these results suggest that CRISPR-Combo enables  
rapid generation and propagation of genome-edited poplar by  
activating PtWUS.

We decided to test a second gene, PtWOX11 (ref. 38), for promot-
ing poplar tissue culture. Again, Pt4CL1 is the genome editing target 
in this CRISPR-Combo construct. Analysis of ten randomly chosen 
CRISPR-Combo T0 lines showed high level of PtWOX11 activa-
tion with some lines showing up to 800-fold (Fig. 4h). Importantly, 
Pt4CL1 was edited in all these ten T0 lines, with one heterozygous 
mutant, four biallelic mutants and five mosaic mutants (Fig. 4i). 
Analysis of the biallelic and heterozygous mutants showed muta-
tions of 1 base pair insertion of A or T at the target site (Extended 
Data Fig. 9a). Interestingly, like the PtWUS high-activation lines, 

Fig. 3 | CRISPR-Combo systems enable rapid breeding of transgene-free genome-edited plants by promoting flowering. a, Representative images of 
CRISPR-Combo-mediated T1 Arabidopsis plants. Early flowering phenotype is observed in both Cas9-Act3.0-A + GE and CBE-Cas9n-Act3.0-A + BE T1 
populations. Two gR2.0 with 15-nt protospacers were used for AtFT activation. One gR1.0 each with a 20-nt protospacer was used for genome editing 
of AtPYL1, AtAP1, AtALS and AtACC2. Black arrows indicate extra-early flowering plants. The T1 Arabidopsis plants were grown on the MS medium with 
hygromycin selection. b,c, Determination of the efficiency of indel mutation (b) and C to T conversion (c) from T1 extra-early, early and standard flowering 
plants using NGS. The flowering phenotypes (extra-early, early and standard) were defined on the basis of the rosette leaf number when flower buds 
became visible. A total of 53 and 48 independent plants are examined for b and c, respectively. Box plots, 25th–75th percentile; centre line, median; 
whiskers, full data range in b and c. P values were obtained using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01. d, Representative images of T2 
progenies of T1 extra-early flowering plants. e,f, Segregation pattern of flowering phenotype and T-DNA integration for T2 Cas9-Act3.0-A + GE (e) 
and CBE-Cas9n-Act3.0-A + BE (f) populations. A total of six T1 independent extra-early flowering transgenic lines are examined for both systems. The 
progenies resulting from the self-pollination of the selected extra-early flowering lines are classified into extra-early flowering, early flowering and standard 
flowering plants. The T-DNA integration was identified among the T2 standard flowering plants by PCR method. vs, versus. g, Representative genotypes 
of atals atacc2 in T2 T-DNA free standard flowering populations. The DNA bases C in the protospacer sequence are highlighted in red. The numbers below 
the protospacer sequence indicate the percentage of DNA base T or C in total reads analysed by the CRISPR RGEN tools. h, Phenotype of the T3 progeny of 
atals atacc2 grown on the MS medium containing 1 mg l–1 of tribenuron. Representative lines of nos. 17-11, 17-22 and 14-23 are shown. WT, wild type.  
i, Diagram of CRISPR-Combo system-mediated rapid breeding of transgene-free edited plants. A, activation; GE, genome editing; BE, base editing.
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the lines (nos. 2, 3 and 6) with 600-fold or higher PtWOX11 
activation also showed rapid de novo callus regeneration from 
petiole cuttings (Extended Data Fig. 9b), resulting in more adven-
titious shoots per explant (Fig. 4j). The regenerated shoots from 
PtWOX11-activation lines (nos. 2, 3 and 6) showed faster rooting 
than those from control plants in rooting medium (Extended Data 
Fig. 9c). As expected, compared to control plants, soil-grown plants 
(nos. 2, 3 and 6) showed increased root length and root biomass 
production (Fig. 4k). The plant height, shoot biomass and leaf area 
were also increased, albeit without statistical significance for most 
tested lines (Extended Data Fig. 9d).

In another case, we targeted PtARK1 (ref. 39) for activation. 
Analysis of ten CRISPR-Combo T0 lines showed PtARK1 activation 
in all lines, ranging from 25- to 80-fold (Supplementary Fig. 3a). 
A total of 70% of the T0 lines were genome-edited at the Pt4CL1 
site (Supplementary Fig. 3b,c). Although this CRISPR-Combo con-
struct also worked well, we did not observe any clear improvement 
of poplar tissue culture with PtARK1 activation (data not shown). 
Taken together, these results demonstrated a CRISPR-Combo-based 
approach for enhanced adventitious shoot and root regeneration as 
well as robust in vitro propagation of genome-edited poplar plants 
by activation of the morphogenic genes PtWUS and PtWOX11.

Enhanced rice regeneration and genome editing. We reasoned that 
CRISPR-Combo-based morphogenic gene activation could also be 
applied to boost regeneration of annual plants. To this end, we applied 
CRISPR-Combo in rice by simultaneous genome editing (at OsGW2 
and OsGN1a) and gene activation of OsBBM1, a morphogenic gene 
that was previously reported as a trigger for embryogenic devel-
opment40. The Cas9 was driven by a strong constitutive promoter 
ZmUbi. Activation of OsBBM1 by CRISPR-Combo greatly improved 
regeneration of Agrobacterium-transformed rice callus (Fig. 5a). 
Compared to the no-activation control construct (Cas9-Act3.0-GE), 
the CRISPR-Combo construct (Cas9-Act3.0-A + GE) resulted in 
higher numbers of transformed calli, which translated to more 
regenerated plants (Fig. 5a,b and Extended Data Fig. 10a,b). The 
CRISPR-Combo construct also resulted in significantly more trans-
genic plants per callus (Fig. 5c). Interestingly, NGS-based genotypic 
analysis showed that the activation of OsBBM1 resulted in about 
twice as many germline-transmittable mutations (homozygous, 
biallelic and heterozygous) as the non-activation construct at the 
OsGW2 target site (Fig. 5d,e and Supplementary Fig. 4). A similar 
result was also identified at the OsGN1a target site (Extended Data 
Fig. 10c and Supplementary Fig. 5).

Inspired by these results, we sought to develop a method that 
can enrich high-efficiency genome-edited plants through morpho-
genic gene activation. Rice culture medium typically contains plant 
hormones auxin and cytokinin, which promote plant regeneration 

through inducing the expression of key morphogenic genes. Since 
expression of OsBBM1 in rice egg cells is sufficient to reprogramme 
embryo formation40, we reasoned that activation of OsBBM1 in rice 
callus may be sufficient to render plant regeneration without exog-
enously supplying auxin and cytokinin. Impressively, it was indeed 
the case as OsBBM1 activation led to regeneration of transformed 
calli and seedlings in the hormone-free (HF) culture medium in two 
independent experiments (Fig. 5f and Extended Data Fig. 10e), with 
an average of 35.7% callus transformation efficiency (Fig. 5g and 
Extended Data Fig. 10f). On average, two to five transgenic plants 
were produced per callus (Fig. 5h and Extended Data Fig. 10g). By 
contrast, without activation of OsBBM1, two hygromycin-resistant 
calluses from a total of 100 tested samples were occasionally 
generated and only one was able to regenerate into a rice plant  
(Fig. 5g and Extended Data Fig. 10f,g). Strikingly, all OsGW2-edited 
plants (89% of total plants) and OsGN1a-edited plants (66.5% of 
total plants) regenerated from the HF medium are homozygous, 
biallelic or heterozygous, except one chimaera at the OsGN1a 
target site (Fig. 5i,j, Extended Data Fig. 10h,i and Supplementary  
Fig. 6). The Combo rice plants regenerated in the HF manner 
showed normal phenotypes (Extended Data Fig. 10d,j). No off-target 
events were identified for either OsGW2 or OsGN1a target sites in 
the plants regenerated in the HF manner (Supplementary Fig. 7). 
Furthermore, no cleavage activity of Cas9-Act3.0 was detected at 
the DNA-binding sites of OsBBM1 promoter from the HF Combo 
plants (Extended Data Fig. 10k). Interestingly, we found that 
OsBBM1 was not, or only slightly, activated in the HF Combo plants 
by analysing its messenger RNA level in mature leaves (Extended 
Data Fig. 10l), which suggests that the potential regulatory mech-
anism for tissue-specific downregulation of OsBBM1 (ref. 40) is 
largely intact in the CRISPR-Combo lines. Taken together, heritable 
targeted mutations by CRISPR-Combo were significantly enriched 
in the HF medium compared to the regular medium with hormones 
(Fig. 5d,i and Extended Data Fig. 10c,h).

In conclusion, we demonstrated that CRISPR-Combo can accel-
erate regeneration of genome-edited rice plants by activation of 
OsBBM1 (Fig. 5k). More importantly, we developed an efficient 
method to enrich biallelic and monoallelic mutants over chimae-
ras through OsBBM1 activation without the use of exogenous plant 
hormones after Agrobacterium-mediated transformation (Fig. 5k).

Discussion
We developed a new CRISPR-Combo platform to unleash versatile 
genome engineering in plants. The CRISPR-Combo systems allow 
for simultaneous genome editing and gene activation, which is con-
veniently achieved through guide RNA programming. Importantly, 
the CRISPR-Combo systems have an efficiency of editing and acti-
vation comparable to the corresponding single-function systems, 

Fig. 4 | CRISPR-Combo systems enable rapid breeding of genome-edited plants by promoting regeneration in poplar. a, A Cas9-Act3.0 system promotes 
root initiation and shoot growth by activation of PtWUS. Two gR2.0 with 15-nt protospacers and one gR1.0 with 20-nt protospacer were used for PtWUS and 
Pt4CL1, respectively. All transgenic plants were grown in the root-induction medium (RIM) with hygromycin selection. b, The time and rate of root initiation. 
Upper graph: error bar, mean ± s.d. (n = 5–7 independent plants). Lower graph: error bar, mean ± s.d. (n = 3 biological replicates). The root initiation rate  
was evaluated on the seventh day after transgenic shoots were transferred to RIM. c,h, Determination of PtWUS (c) and PtWOX11 (h) activation  
level in Cas9-Act3.0-mediated transgenic plants using qRT–PCR. Leaf tissue was sampled for total RNA extraction. CTRL, the randomly selected 
Cas9-mediated transgenic plant. Error bar, mean ± s.d. (n = 3 technical replicates). d,i, Zygosity analysis of Cas9- and Cas9-Act3.0-mediated T0  
Pt4CL1 mutants. The frequencies of each zygotic type are shown as percentages. A total of 20 and 10 individual transgenic plants were examined  
in d and i, respectively. e, Cas9-Act3.0 promotes de novo root initiation of stem cuttings. Four stem cuttings were cultured in RIM. Red dashed circles 
indicate successful root initiation and white dashed circles indicate failed root initiation. f,g, Representative phenotype of shoot (f) and root (g) from 
CTRL and PtWUS-activation poplar line (no. 4). Plants were grown in soil under the same cultivation conditions for 6 weeks. Error bar, mean ± s.d. (n = 4 
independent plants). j, Cas9-Act3.0 system promotes de novo shoot development of petiole cuttings by activation of PtWOX11. Petiole cuttings were 
cultured on the shoot-induction medium (SIM) for 20 d. The shoot number per explant was examined in a time series. Error bar, mean ± s.d. (n = 3 
independent replicates). k, Representative phenotype of root from CTRL and PtWOX11-activation poplar lines. Plants were grown in soil under the same 
cultivation conditions for 6 weeks. Error bar, mean ± s.d. (n = 4 independent plants for CTRL, nos. 2 and 6; 3 independent plants for no. 3). P values in  
b,f,g,k were obtained using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01.
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for example, CRISPR-Cas9, base editors and CRISPR-Act3.0. The 
high-efficiency and orthogonal functionalities of CRISPR-Combo 
hold great promise for a variety of applications in plants, as demon-
strated in this study.

The generation time is one major bottleneck for genome 
editing-based plant breeding. Speed breeding can overcome this 
obstacle and is conventionally achieved using environmental 
manipulations41. Here we developed a genetic approach for speed 
breeding of genome-edited plants with CRISPR-Combo, through 
activation of a florigen FT (Fig. 3i). This new speed breeding  

technology offers three significant advantages over traditional 
breeding and genome editing methods. First, it significantly reduces 
the flowering time of genome-edited plants. Second, plants with 
high editing efficiency and without the transgene can be identified 
visually by phenotype-based screens in the first and second genera-
tions, respectively. Thus, it saves time and cost for molecular iden-
tification of genome-edited transgene-free plants. Third, it is very 
convenient to implement as it does not require a dedicated speed 
breeding growth chamber or room. Unlike many crops, floral dip 
transformation of egg cells is used to deliver the T-DNA and express 
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the transgene in Arabidopsis, which explains why egg cell-specific 
promoter was used to express Cas9 to generate heritable mutations 
in Arabidopsis42. In this regard, the use of constitutive promoter 
for CRISPR-Combo expression is probably not the best choice for 
Arabidopsis. However, such constitutive CRISPR-Combo systems 
should be readily transferable into crops as demonstrated by the 
efficient activation of a florigen in tomato (SFT) by CRISPR-Combo 
(Fig. 1d and Fig. 2d).

A second major challenge in plant genome editing is plant 
tissue culture and regeneration33. To boost the regeneration of 
genome-edited plants, exogenous developmental regulators and 
Cas9 reagents were typically constructed into independent expres-
sion cassettes and codelivered into plant cells33–36. By contrast, 
our CRISPR-Combo systems enable activation of the endoge-
nous morphogenic genes by simply expressing targeting sgRNAs, 
which is more flexible and scalable, allowing for easy fine-tuning 
or multiplexed gene activation. Here we demonstrated the ability 
of CRISPR-Combo to promote plant regeneration in poplar and 
rice. In the bioenergy crop poplar, we showed that by simultaneous 
activation of endogenous morphogenic genes such as PtWUS and 
PtWOX11, regeneration of genome-edited plants could be accel-
erated. In addition, CRISPR-Combo promotes de novo callus and 
root organogenesis from petiole and stem cuttings, enabling rapid 
propagation of genome-edited poplar trees (Fig. 4 and Extended 
Data Figs. 8 and 9). Remarkably, shoot and root biomass produc-
tion of these Combo lines were also enhanced (Fig. 4f,g,k). This 
technology could contribute to the development of improved pop-
lar trees in the future carbon-neutral economy. In the staple crop 
rice, the regeneration of genome-edited plants can be accelerated 
by simultaneous activation of an endogenous morphogenic gene 
OsBBM1. Interestingly, a recent preprint reported that overexpres-
sion of OsBBM1 resembled auxin-induced somatic embryogen-
esis in rice43. However, overexpression of OsBBM1 using a strong 
DEX-inducible promoter was unable to achieve shoot regeneration 
of rice without exogenous supplement of plant hormone cytoki-
nin43. In comparison, our success in achieving rice regeneration 
without exogenous plant hormones demonstrates that it may be 
advantageous to use CRISPR-Combo to overexpress an endogenous 
morphogenic gene to promote plant regeneration. Excitingly, this 
hormone-free method can significantly enrich heritable targeted 
mutations to create almost only biallelic and monoallelic mutants, 
indicating CRISPR-Combo-induced OsBBM1 activation and target 
editing occurred in the same embryogenic cell. More remarkably, we 
have not observed clear developmental defects for CRISPR-Combo 
lines with activation of morphogenic genes in polar and rice. 

Conventional overexpression strategies of morphogenic genes com-
pletely remove the native promoter from the target gene, conferring 
robust ectopic expression in many tissues which leads to some nega-
tive consequences34,43. By contrast, gene activation systems just add 
one additional layer of transcriptional regulation without modifying 
the promoter sequence of the target gene, which does not necessarily 
help bypass or escape the transcriptional feedback regulation, as we 
previously found with CRISPR-Act2.0 and mTALE-Act systems14. 
The tissue-specific negative regulation of OsBBM1 may be intact 
in the mature leaves of CRISPR-Combo lines, which helps prevent 
the negative effects if OsBBM1 is constitutively activated. This may 
well be a great advantage of CRISPR-Combo for enabling plant tis-
sue culture and genome editing. More future research on applying 
CRISPR-Combo in different crops to further test this hypothesis  
is warranted.

Another advantage of CRISPR-Combo is the positive cor-
relation between genome editing and gene activation activities. 
Because both functionalities are achieved by a single Cas9 protein, 
high-efficiency genome-edited lines can be identified by using the 
phenotypes resulting from gene activation and vice versa. For exam-
ple, CRISPR-Combo-generated extra-early flowering Arabidopsis 
plants had more robust genome-editing efficiency (Fig. 3b,c). The 
success in rice regeneration without the exogenous plant hor-
mones must have relied on high levels of morphogenic gene acti-
vation, which explains why almost every single regenerated rice 
plant was genome edited (Fig. 5i). Thus, CRISPR-Combo-based 
hormone-free genome editing represents an efficient method to 
generate high-efficiency genome-edited plants. Since plant regen-
eration is strictly dependent on CRISPR component expression, 
nearly all regenerated plants in the hormone-free medium must 
be transgenic. Hence, this CRISPR-Combo-based method would 
potentially enable marker-free genome editing.

The demonstrated applications of CRISPR-Combo here are 
only the tip of the iceberg. CRISPR-Combo has many additional 
potential applications. For example, CRISPR-Combo can enable 
simultaneous activation of multiple morphogenic genes, which 
may be required to overcome the regeneration barrier of very recal-
citrant crops. Also, CRISPR-Combo may be used to simultane-
ously activate a florigen gene and a morphogenic gene to further 
fast-track the breeding of transgene-free genome-edited crops. 
Furthermore, CRISPR-Combo may be used to promote certain 
genome editing outcomes by simultaneously activating a specific 
DNA-repair pathway. In addition, CRISPR-Combo may allow for 
sophisticated metabolic engineering or modulating signalling path-
ways which requires simultaneous gene editing and activation.  

Fig. 5 | CRISPR-Combo enhances rice regeneration and facilitates recovery of heritable targeted mutations. a, Representative images of 
Cas9-Act3.0-mediated callus induction and shoot regeneration by activating OsBMM1 in rice. Two gR2.0 with 15-nt protospacers were used for OsBMM1 
activation. One 20-nt protospacer each was used for genome editing of OsGW2 and OsGN1a. GE, genome editing; A + GE, simultaneous gene activation 
and editing; RSM, rice selection medium; Reg I, regeneration I medium. All calli were subcultured with fresh medium every 2 weeks. The dashed white lines 
are used to separate two independent calli. b, Efficiency of Cas9-Act3.0-mediated callus induction and shoot regeneration. All calli were cultured under 
the same conditions. Hyg, hygromycin. c, Number of regenerated transgenic plants per Cas9-Act3.0-mediated callus. Each dot indicates the seedling 
number generated from one transgenic callus. Error bar, mean ± s.d. (n = 10 independent calli). P values were obtained using the two-tailed Student’s t-test. 
d, Zygosity analysis of Cas9-Act3.0-mediated T0 lines at the OsGW2 target site. The frequencies of each zygotic type are shown as percentages. A total of 
10 and 16 individual transgenic plants were examined for Cas9-Act3.0-based GE and A + GE vectors using NGS, respectively. e, Representative genotypes 
of Cas9-Act3.0-mediated T0 mutants at the OsGW2 site. The red dashes indicate a nucleotide deletion and the black dashes indicate a blank space. 
The bold DNA bases indicate insertion. PAM, protospacer adjacent motif. f, Representative images of Cas9-Act3.0-mediated hormone-free (HF) callus 
induction and regeneration by activating OsBMM1 in rice. All calli were subcultured with fresh medium without any hormone every 2 weeks. g, Efficiency of 
Cas9-Act3.0-callus induction and regeneration in an HF manner. All calli were cultured under the same conditions. h, Number of regenerated transgenic 
plants per Cas9-Act3.0-mediated callus in an HF manner. Each dot indicates the seedling number generated from one transgenic callus. Error bar, 
mean ± s.d. (n = 7 independent calli). i, Zygosity analysis of Cas9-Act3.0-mediated T0 OsGW2OsGN1a mutants in an HF manner. The frequencies of each 
zygotic type are shown as percentages (n = 18 transgenic plants). j, Representative genotypes of Cas9-Act3.0-mediated T0 OsGW2OsGN1a mutants in an 
HF manner. The red dashes indicate a nucleotide deletion. The black dashes indicate a blank space. The bold DNA bases indicate insertion. k, Diagram of 
CRISPR-Combo system-mediated rapid breeding by promoting plant regeneration.
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Recently, Cas9-based high-throughput functional genomic screens 
have been demonstrated in plants18,19,44. CRISPR-Combo could 
potentially enable combinational screens at the genome and tran-
scriptome levels, opening another avenue into dissecting the rela-
tionship between genotype and phenotype in plants. Undoubtedly, 
the CRISPR-Combo platform will open new frontiers in plant 
genome engineering, metabolic engineering and synthetic biology.

Methods
Plant material and growth condition. Rice (Oryza sativa subspecies japonica) 
cultivar Kitaake, tomato cultivar Micro-Tom, Arabidopsis thaliana ecotype 
Columbia-0 (Col-0) and the hybrid poplar Populus alba × tremula clone 717-1B4 
were used for protoplast assays or stable transformation in the study. Rice seedlings 
used for protoplast isolation were grown on MS medium at 28 °C in the dark for 
~2 weeks. Transgenic plants of rice were grown in the greenhouse at around 29 °C 
with a 16 h-light/8 h-dark cycle. Tomato seedlings used for protoplast isolation 
were grown on MS medium with a 16 h-light/8 h-dark cycle at 25 °C for ~7 d. 
Arabidopsis plants were grown in a growth chamber with a 16 h-light/8 h-dark cycle 
at 22 °C. Transgenic plants of poplar were grown in a tissue culture chamber with a 
24 h light condition at 25 °C.

Construction of CRISPR-Combo vectors. The detailed procedures for 
constructing Golden Gate sgRNA modular vectors and Gateway modular vectors 
for CRISPR-Combo are available in the Supplementary Methods. The oligos for 
sgRNA cloning are summarized in Supplementary Table 2.

Assembly of T-DNA expression vectors. The final T-DNA expression vectors were 
assembled by a Multisite Gateway cloning strategy with an attR1-attR2 destination 
vector pYPQ202 (Addgene no. 86198, for Arabidopsis and poplar), pYPQ203 
(Addgene no. 86207, for rice) or pMDC32 (Addgene no. 32078, for tomato), 
an attL5-attL2 sgRNA expression entry clone and an attL1-attR5 Cas activator 
entry clone using Gateway LR clonase II (Invitrogen). The detailed procedure is 
described in the Supplementary Methods.

Rice and tomato protoplast transformation. Rice protoplast isolation and 
transformation were performed according to the previous report with minor 
modifications23. In tomato protoplast assays, the protoplast isolation and 
transformation followed the previous protocol with minor modifications23,30. 
Briefly, the protoplasts were first isolated from cotyledons of 8-day-old tomato 
seedlings using enzyme solution, resuspended in 0.55 M sucrose (pH 5.7) and 
then gently overlayed with 2 ml of W5 solution without mixing. Protoplast cells 
were collected from the interface between the W5 solutions and sucrose after 
the centrifugation of 30 min at 200g, washed with 10 ml of W5 solution and 
resuspended in MMG solution. To detect genome editing, plasmid DNA (20 μg 
per construct) was introduced into 180 μl of rice protoplasts (2 × 106 cells ml–1) or 
tomato protoplasts (1 × 106 cells ml−1) by PEG-mediated transfection. To determine 
the expression levels of targeted genes, plasmid DNA (40 μg per construct) was 
introduced into 360 μl of rice protoplasts (2 × 106 cells ml−1) or tomato protoplasts 
(1 × 106 cells ml−1) based on PEG-mediated transfection. The transfected rice and 
tomato protoplasts were incubated in the dark for 48 h at 32 and 28 °C, respectively, 
and then the protoplasts were collected for DNA or RNA extraction.

Arabidopsis stable transformation and phenotype analysis. To generate 
Arabidopsis transgenic lines, Agrobacterium tumefaciens strain GV3101 containing 
T‐DNA constructs was used for transformation of Arabidopsis plants via the floral 
dip method23,45. Seeds of T0 to T2 Arabidopsis plants were sterilized using 50% 
bleach with 0.05% Tween 20, washed five times with sterile water, vernalized at 4 °C 
in the dark for 2 d and then plated on MS plates containing hygromycin  
(15 µg ml–1). After 7–10 d, transgenic plants were transferred to soil. The flowering 
phenotype (extra-early, early and standard) was defined on the basis of the number 
of rosette leaves when flower buds became visible. Extra-early flowering plants 
showed four leaves, early flowering plants showed ~6–18 leaves and standard 
flowering plants showed ~20–25 leaves when flower buds became visible. The 
number of flower buds were recorded every 3 d. The T-DNA region was detected 
using Phire Plant Direct PCR Kit (Thermo Fisher) by amplification of the 
CRISPR-Combo component.

Tribenuron resistance assay of Arabidopsis seeds. Seeds of wild-type and T2 
extra-early flowering plants were sterilized following the aforementioned method, 
vernalized at 4 °C in the dark for 2 d and then plated on MS-hygromycin plates 
containing different concentrations of tribenuron (0, 1, 2.5 and 5 mg l−1). After 
~10 d, the tested Arabidopsis seeds and seedlings were photographed.

Poplar stable transformation. To generate poplar transgenic plants, Populus 
alba × tremula clone 717-1B4 was used for stable transformation following the 
previous method46 with minor modifications. The T‐DNA constructs were 
transformed into the A. tumefaciens strain GV3101. Transgenic shoots regenerated 

from explants were cultured on a shoot-induction medium containing 20 μg ml–1 
of hygromycin. The regenerated shoots at a height of 1–2 cm were transferred 
to a root-induction medium containing 20 μg ml–1 of hygromycin. Rooted 
plants were propagated and used for genotyping. To test the de novo callus and 
root organogenesis of PtWUS- and PtWOX11-activation plants, the petiole, 
leaf disc, stem cuttings or regenerated shoots sampled from the PtWUS- and 
PtWOX11-activation plants were cultured with callus-, shoot- or root-induction 
media. Explants were subcultured with fresh medium every 2 weeks. A ruler was 
used to measure the height and root length of transgenic poplar plants. To analyse 
the average area of poplar leaves, the total area of all leaves of each plant was 
measured using LI-3100C Area Meter (LI-COR) and then divided by the number 
of tested leaves.

Rice stable transformation. To generate transgenic rice plants, the A. tumefaciens 
strain EHA105 containing T‐DNA constructs was used for the transformation of 
Kitaake callus cells as previously reported23. On the basis of this method, 2 μg ml−1 
of 2,4-D was supplied into coculture medium and selection medium, and 1 μg ml−1 
of NAA and 2 μg ml−1 of kinetin were supplied into regeneration I medium. To test 
the efficiency of CRISPR-Combo-mediated callus and shoot regeneration in the 
hormone-free manner, no hormone was supplied into the rice coculture medium, 
selection medium or regeneration I medium.

Genotyping of transgenic rice plants. NGS was used to detect the mutations 
of genome-edited rice plants. These edited rice plants were categorized into five 
genotypes including biallelic, homozygous, heterozygous, chimaeric and wild-type 
following these criteria: biallelic, total mutation frequency ≥70% with each of two 
major types ≥30%; homozygous, one type of mutation ≥70%; heterozygous, one 
type of mutation ≥30% but total mutation frequency <70%; chimaeric, 15% ≤ total 
mutation frequency < 30%; wild-type, total mutation frequency <15%.

Restriction fragment length polymorphism analysis. The RFLP method was 
used to analyse the mutation efficiency in some rice protoplasts assays. Briefly, 
the targeted genomic regions were amplified by PCR following the instructions of 
Phire Plant Direct PCR Kit (Thermo Fisher), then verified by gel electrophoresis. 
PCR products were purified with QIAQuick PCR Purification Kit (QIAGEN) 
and quantified by Nanodrop (Thermo Fisher) and then digested with specific 
restriction enzymes using equal amounts of PCR amplicons for each sample. 
Digested PCR products were visualized on 2% TAE (Tris-acetate-EDTA) agarose 
gels. Mutation efficiencies were quantified using Image Lab Software (Bio-Rad 
Laboratories) on the basis of band intensity.

Mutation analysis by next-generation sequencing. NGS was used to analyse 
genome editing results in this study. For protoplasts assays, the targeted genomic 
regions were directly amplified from protoplast cells following the instructions 
of Phire Plant Direct PCR Kit (Thermo Fisher) and barcoded using the Hi-TOM 
primers47. For stable transgenic plants, DNA was extracted from leaf tissue using 
CTAB method48 and barcoded using the Hi-TOM primers. PCR products were 
verified by gel electrophoresis. Around 6–60 PCR products were pooled together 
and purified with QIAQuick PCR Purification Kit (QIAGEN) and then quantified 
by Nanodrop (Thermo Fisher). The purified PCR products were used for Illumina 
HiSeq2500 sequencing. For targeted mutagenesis, the NGS data were analysed with 
CRISPRMatch49 and CRISPResso2 (ref. 50). For base editing, the NGS data were 
analysed with CRISPR RGEN Tools (http://www.rgenome.net/be-analyzer/#!).

RNA extraction and qPCR analysis. For protoplast assays, the total RNA was 
extracted from ~1–5 × 105 rice or tomato protoplast cells using TRIzol reagent 
(Thermo Fisher) on the basis of the manufacturer’s instructions23. For poplar and 
rice plants, total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN). 
Then, DNase I (RNase-free) (New England Biolabs) was used to remove DNA 
from the total RNA samples. Approximately 500–1,000 ng of total RNA was used 
for complementary DNA synthesis with the SuperScript III First-Strand Synthesis 
Kit (Thermo Fisher). The AzuraQuant Green Fast qPCR Mix (Azura Genomics) 
coupled with the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) was 
used to detect the transcript expression levels of target genes. OsTubulin and SlUbi3 
were used as the endogenous control gene for rice and tomato, respectively. Both 
PtCDC2 and PtPT1 were selected as the endogenous control genes for poplar. The 
fold changes of target genes were calculated by the 2−ΔΔCt method. All primers used 
in this study are listed in Supplementary Table 3.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All generated and processed data from this study are included in the published 
article and its Supplementary Information. The Golden Gate and Gateway 
compatible vectors for the CRISPR-Combo systems were deposited to Addgene: 
pYPQ-Cas9-Act3.0 (no. 178954), pYPQ-CBE-Cas9n-Act3.0 (no. 178955), 
pYPQ-ABE-Cas9n-Act3.0 (no. 178956), pYPQ-SpRY-Act3.0 (no. 178957), 
pYPQ-CBE-SpRYn-Act3.0 (no. 178958), pYPQ-ABE-SpRYn-Act3.0 (no. 
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178959), pYPQ-132-tRNA (no. 179211), pYPQ-133-tRNA (no. 179212), pYPQ-
134-tRNA (no. 179213) and pYPQ-134B (no. 179216). The sequence data 
of targeted genes can be found from The Arabidopsis Information Resource 
(https://www.Arabidopsis.org/), Rice Genome Annotation Project (http://
rice.uga.edu/) Solanaceae Genomics Network (https://solgenomics.net/) or 
Phytozome (https://phytozome-next.jgi.doe.gov/) using their locus identifiers as 
follows: OsBBM1 (LOC_Os11g19060), OsGW2 (LOC_Os02g14720), OsGN1a 
(LOC_Os01g10110), OsALS (LOC_Os02g30630), OsEPSPS (LOC_Os06g04280), 
OsYSA (LOC_Os03g40020), OsMAPK5 (LOC_Os03g17700), AtFT (AT1G65480), 
AtAP1 (AT1G69120), AtPYL1 (AT5G46790), AtALS (AT3G48560), AtACC2 
(AT1G36180), PtWUS (Potri.005G114700), PtWOX11 (Potri.013G066900), 
PtARK1 (Potri.011G011100), Pt4CL1 (Potri.001G036900), SFT (Solyc03g063100) 
and SolyA7 (Solyc01g010970). The NGS data have been deposited to National 
Center for Biotechnology Information (accession code PRJNA779678; https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA779678).
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Extended Data Fig. 1 | CRISPR-Cas9-Act3.0 enables genome editing and gene activation in rice protoplasts programmed by guide RNA scaffolds and 
protospacer length. a, Restriction fragment length polymorphism (RFLP) analysis of CRISPR-Cas9-mediated genome editing with different protospacer 
length (14-nt to 20-nt) in gR1.0. The Cas9 and single guide (sgRNA) scaffold gR1.0 were driven by ZmUbi and OsU3 promoters, respectively. Three 
biological replicates were performed for each target site. Representative gel images are shown. CTRL indicates wild-type samples. Each dot represents 
an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments). NLS, nuclear localization signal. b, Comparison 
of the editing efficiency between Cas9 and Cas9-Act3.0 with both 20- and 15-nt protospacers. The Cas9-Act3.0 system here consists of a catalytically 
active Cas9 nuclease and MS2 bacteriophage coat protein (MCP)-SunTag-activator complex, and a gR1.0. Three biological replicates were performed for 
each target site. Representative gel images are shown. Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 
independent experiments). P values were obtained using the two-tailed Student’s t-test. c, Cas9-Act3.0-induced gene activation with different protospacer 
length in gR2.0. The Cas9-Act3.0 system here consists of a catalytically active Cas9 nuclease and MS2 bacteriophage coat protein (MCP)-SunTag-
activator complex, and a sgRNA2.0 (gR2.0) scaffold. T-DNA vectors without sgRNAs served as the negative control (CTRL). OsTubulin was selected as the 
endogenous control gene. Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments).
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Extended Data Fig. 2 | Cleavage activity and deletion profiles of Cas9-Act3.0 in both rice and tomato protoplasts. a,b, Comparison of the deletion 
position and size between Cas9 and Cas9-Act3.0 in rice (a) and tomato (b) protoplasts based on NGS data. Frequencies of deletion position were 
calculated using the number of reads with deletions at designated nucleotide position divided by the total reads with deletions. PAM is highlighted 
in red underline and protospacer sequence is highlighted in black underline. Frequencies of deletion size were calculated using the number of reads 
with designated size deletion divided by the total reads with deletions. Each dot represents an individual biological replicate. Error bar represents the 
mean ± s.d. (n = 3 independent experiments). c, Cleavage activity of Cas9-Act3.0 with 15-nt and 20-nt protospacers at the OsBBM1 and SFT promoters. 
One 15-nt and 20-nt protospacer for each of OsBBM1 and SFT was separately cloned into the gR2.0 scaffold. One 20-nt protospacer for each of OsGW2, 
OsGN1a, and SolyA7 was separately cloned into the gR1.0 scaffold. T-DNA vectors without sgRNAs served as the negative control (CTRL). Each dot 
represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments). The different letters indicate 
significantly different mean values at P < 0.05 (one-way analysis of variance (ANOVA) with post-hoc Tukey test).
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Extended Data Fig. 3 | Development and characterization of the PAM-less SpRY-Act3.0 system. a,b, Determination of SpRY-Act3.0-based-simultaneous 
gene activation (a) and targeted mutagenesis (b) in rice protoplasts at both NGG and NGC protospacer adjacent motifs (PAMs). One 15-nt protospacer 
of OsBBM1 each at both NGG and NGC PAMs was separately cloned into gR2.0 for SpRY-Act3.0-mediated gene activation. One 20-nt protospacer each 
for OsGW2 and OsGN1a at both NGG and NGC PAMs was separately cloned into gR1.0 for SpRY-Act3.0-mediated genome editing. The indel mutation 
assays were analysed by NGS. The dSpRY-Act3.0 activation system and SpRY nuclease were selected as references for comparing SpRY-Act3.0-mediated 
simultaneous gene activation and indel mutation, respectively. T-DNA vectors without sgRNAs served as the negative control (CTRL). OsTubulin was 
selected as the endogenous control gene. Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent 
experiments). P values were obtained using the two-tailed Student’s t-test. *P < 0.05, **P < 0.01. c, Deletion position analysis of both SpRY and 
SpRY-Act3.0 systems in rice protoplasts based on NGS data. Deletion frequencies were calculated using the number of reads with deletions at designated 
nucleotide position divided by the total reads with deletions. PAM is highlighted in red underline and protospacer sequence is highlighted in black 
underline. Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments). d, Deletion size 
analysis of both SpRY and SpRY-Act3.0 systems in rice protoplasts. Deletion frequencies were calculated using the number of reads with designated 
size deletion divided by the total reads with deletions. Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 
independent experiments).
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Extended Data Fig. 4 | Editing activity and window analysis of CBE-Cas9n-Act3.0 and ABE-Cas9n-Act3.0 systems in rice and tomato protoplasts. a,b, 
Editing window analysis of CBE-Cas9n and CBE-Cas9n-Act3.0 systems in rice (a) and tomato (b) protoplasts based on NGS data. The C to T conversion 
efficiencies were analysed by the CRISPR RGEN tools. ‘Cn’ indicates the position of target C in the protospacer. Error bar represents the mean ± s.d. (n = 3 
independent experiments). c, Editing window analysis of ABE-Cas9n and ABE-Cas9n-Act3.0 base editors in rice protoplasts. The A to G conversion 
efficiencies were analysed by the CRISPR RGEN tools. ‘An’ indicates the position of target A in the protospacer. Error bar represents the mean ± s.d. (n = 3 
independent experiments). d, Editing activity of CBE-Cas9n-Act3.0 and CBE-Cas9n-Act3.0 systems with 15-nt and 20-nt protospacers at the OsBBM1 and 
SFT promoters. One 15-nt and 20-nt protospacer for each of OsBBM1 and SFT was separately cloned into the gR2.0 scaffold. One 20-nt protospacer for 
each of OsALS, OsEPSPS, and SolyA7 was separately cloned into the gR1.0 scaffold. T-DNA vectors without sgRNAs served as the negative control (CTRL). 
Each dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments). The different letters indicate 
significantly different mean values at P < 0.05 (one-way analysis of variance (ANOVA) with post-hoc Tukey test).
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Extended Data Fig. 5 | Characterization of the CBE-SpRYn-Act3.0 and ABE-SpRYn-Act3.0 systems. a,b, Determination of CBE-SpRYn-Act3.0 and 
ABE-SpRYn-Act3.0-based-simultaneous gene activation (a) and base editing (b) efficiency in rice protoplasts. One 15-nt protospacer of OsBBM1 was 
cloned into gR2.0 for CBE/ABE-SpRYn-Act3.0-mediated gene activation. One 20-nt protospacer for both OsALS and OsEPSPS each was separately cloned 
into gR1.0 for CBE/ABE-SpRYn-Act3.0-mediated base editing. A indicates CBE/ABE-SpRYn-Act3.0-mediated target gene activation with only gR2.0 
scaffold. A + BE indicates CBE/ABE-SpRYn-Act3.0-mediated simultaneous gene activation and base editing with both gR1.0 and gR2.0 scaffolds. To 
compare base editing efficiency, CBE-SpRYn and ABE-SpRYn were selected as references in CBE-SpRYn-Act3.0 and ABE-SpRYn-Act3.0-mediated A + BE 
assays, respectively. T-DNA vectors without sgRNAs served as the negative control (CTRL). OsTubulin was selected as the endogenous control gene. Each 
dot represents an individual biological replicate. Error bar represents the mean ± s.d. (n = 3 independent experiments). P values were obtained using the 
two-tailed Student’s t-test. *P < 0.05, **P < 0.01. c,d, Editing window analysis of CBE-SpRYn-Act3.0 (c) and ABE-SpRYn-Act3.0 (d) base editors in rice 
protoplasts. The C to T and A to G conversion efficiencies were analysed by the CRISPR RGEN tools. ‘Cn’ and ‘An’ indicate the position of target C and A in 
the protospacer, respectively. Error bar represents the mean ± s.d. (n = 3 independent experiments).
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Extended Data Fig. 6 | Mutation and genotype analysis of CBE-Cas9n-Act3.0-mediated T2 standard flowering plants (transgene-free). a, Mutation 
analysis of T2 T-DNA free standard flowering populations for the CBE-Cas9n-Act3.0 system. The base editing frequencies of examined transgene-free 
plants were determined by NGS. Each dot indicates an individual plant. Error bar represents the mean ± s.d. (n = 29, 24, 37, 38 and 32 independent plants 
for #5, #14, #15, #16 and #17, respectively). b, Representative genotypes of atalsatacc2, atalsAtACC2 and AtALSatacc2 plants in T2 T-DNA free standard 
flowering populations. Three kinds of genotypes (atalsatacc2, atalsAtACC2, and AtALSatacc2) are identified in CBE-Cas9n-Act3.0-mediated standard 
flowering (transgene-free) populations. The PAM is highlighted in yellow. The DNA bases C in the protospacer sequence are highlighted in red, and the 
other DNA bases of the protospacer are highlighted in green. The symbols above the protospacer sequence indicate amino acids. The numbers below the 
protospacer sequence indicate the percentage of DNA base T or C in total reads. The base editing efficiencies were analysed by the CRISPR RGEN tools.
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Extended Data Fig. 7 | Undetectable off-target genome-editing activity by Cas9-Act3.0 and CBE-Cas9n-Act3.0 at the AtFT promoter with 15-nt 
protospacers. a, Identification of Cas9-Act3.0-mediated potential indel mutations at two AtFT target sites in both T2 extra-early flowering and T-DNA 
free standard flowering plants. Three and two independent lines were selected for extra-early flowering and T-DNA free standard flowering groups, 
respectively. Approximately 15 to 23 individual plants were examined for each line. n/a, no indel mutation was detected. 1d1/1,527, one 1-bp deletion 
event detected in a total of 1,527 reads. 1d1/838, one 1-bp deletion event was detected in a total of 838 reads. The indel mutations were analysed by 
CRISPResso2. b, Identification of CBE-Cas9n-Act3.0-mediated potential base editing at AtFT-sgRNA1 target site in both T2 extra-early flowering and 
T-DNA free standard flowering plants. Three and two independent lines were selected for extra-early flowering and T-DNA free standard flowering 
groups, respectively. CTRL represents wild-type plants. Approximately 15 to 24 individual plants were examined for each line. The PAM of AtFT-sgRNA1 
is highlighted in red and DNA bases C in the protospacer sequence are highlighted in green. The base editing efficiencies were analysed by the CRISPR 
RGEN tools. Each dot represents an individual plant. Error bar represents the mean ± s.d. (n = 15 independent plants for CTRL, #5, #16 and #17, n = 24 
independent plants for T-DNA free lines #5 and #17). Note the AtFT-sgRNA2 doesn’t contain any DNA base C and hence was not analysed for C to T  
base editing.
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Extended Data Fig. 8 | Cas9-Act3.0 promotes de novo callus and root organogenesis from petiole and stem cuttings by activation of PtWUS in poplar. 
a, Cas9-Act3.0 promotes root initiation by activation of PtWUS in poplar. Two gR2.0 with 15-nt protospacers and one gR1.0 with 20-nt protospacer 
were used for PtWUS and Pt4CL1, respectively. All transgenic plants were grown in the root-induction medium (RIM) with hygromycin selection. For 
days to root, error bar represents the mean ± s.d. (n = 11 and 13 independent plants for Cas9 and Cas9-Act3.0, respectively). For rooting rate, error bar 
represents the mean ± s.d. (n = 3 biological replicates). The root initiation rate was evaluated on the 7th day after transgenic shoots were transferred 
to RIM. b, Representative genotypes of Cas9-Act3.0 and Cas9-mediated T0 Pt4CL1 mutants. The red dash indicates a nucleotide deletion. The bold 
DNA bases indicate insertion. PAM, protospacer adjacent motif. c, Cas9-Act3.0 promotes de novo callus formation from petiole cuttings and leaf-disc 
regeneration by activation of PtWUS. Petiole cuttings and leaf discs from CTRL and PtWUS-activation poplar plants were cultured on callus induction 
medium (CIM) for two weeks. Representative PtWUS-activation lines including #2, #4, and #17 are shown. d, The Cas9-Act3.0 promotes shoot growth 
of stem cuttings by activation of PtWUS in poplar. Four stem cuttings from each of CTRL and PtWUS-activation line (#4) were cultured in one magenta 
box with root-induction medium (RIM). e, Cas9-Act3.0 promotes de novo root initiation of stem cuttings by activation of PtWUS in poplar. Five to seven 
stem cuttings were cultured in one magenta box with the root-induction medium. Red dash cycles indicate successful root initiation and white dash cycles 
indicate failed root initiation. f,h, Representative shoot (f) and root (h) phenotype of CTRL and PtWUS-activation poplar line (#2). Plants were grown in 
soil under the same cultivation conditions for six weeks. Error bar represents the mean ± s.d. (n = 4 independent plants). g, Leaf area analysis of CTRL and 
PtWUS-activation poplar lines (#2 and #4). Error bar represents the mean ± s.d. (n = 4 independent plants). P values in a, f-h were obtained using the 
two-tailed Student’s t-test. **P < 0.01.
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Extended Data Fig. 9 | Cas9-Act3.0 promotes de novo callus and root organogenesis of petiole and shoot regenerated from PtWOX11-activation 
poplar. a, Representative genotypes of Cas9-Act3.0 and Cas9-mediated T0 Pt4CL1 mutants. The four DNA bases A, T, C, G are marked in different 
colours. The red dash indicates a nucleotide deletion. The bold DNA bases indicate insertion. PAM, protospacer adjacent motif. b, Cas9-Act3.0 promotes 
de novo callus formation from petiole cuttings by activation of PtWOX11. Petiole cuttings from CTRL and PtWOX11-acitvation plants were cultured 
on callus induction medium (CIM) for three weeks. Representative petioles of PtWOX11-acitvation lines including #2, #3, and #6 are shown. c, The 
Cas9-Act3.0 system promotes root initiation of shoots regenerated from the PtWOX11-activation poplar. Four regenerated shoots from each of CTRL 
and PtWOX11-acitvation plants were cultured in one magenta box with root-induction medium (RIM) for seven days. Representative root and shoot of 
CTRL and PtWOX11-acitvation lines are shown. Error bar represents the mean ± s.d. (n = 4 independent plants). d, Representative shoots of CTRL and 
PtWOX11-acitvation lines. Plants were grown in soil under the same cultivation conditions for six weeks. Three or four independent plants were examined 
for both CTRL and PtWOX11-acitvation lines. e, Leaf area analysis of CTRL and PtWOX11-activation poplar lines. Each dot indicates the average area of all 
leaves for an individual plant. Error bar represents the mean ± s.d. (n = 4 independent plants). P values in c,e were obtained using the two-tailed Student’s 
t-test. *P < 0.05, **P < 0.01.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Cas9-Act3.0 promotes callus regeneration and enriches heritable targeted mutations by activation of OsBBM1 in rice.  
a,b, Representative images of Cas9-Act3.0-induced shoot regeneration by activation of OsBBM1 at four (a) and seven (b) weeks. The calli of both vectors 
were grown on regeneration I (Reg I) medium for seven weeks by subculturing every two weeks. c, Zygosity analysis of Cas9-Act3.0-mediated T0 lines 
at the OsGN1a target site. A total of 10 and 16 individual transgenic plants were examined for Cas9-Act3.0-based GE and A+GE vectors, respectively. 
GE, genome editing. A+GE, simultaneous gene activation and editing. d,j, Representative images of Cas9-Act3.0-induced rice plants from hormone-
containing and hormone-free (HF) mediums. e, Representative images of Cas9-Act3.0-mediated callus induction and regeneration by activating OsBMM1 
in a HF manner. RSM, rice selection medium. All calli were subcultured with HF fresh medium every two weeks. f, Efficiency of Cas9-Act3.0-callus 
induction and regeneration in a HF manner. All calli were cultured under the same conditions. g, Number of regenerated transgenic plants per Cas9-
Act3.0-mediated callus in a HF manner. Each dot indicates the seedling number generated from one transgenic callus. Error bar represents the mean ± s.d. 
(n = 10 independent calli). h, Zygosity analysis of Cas9-Act3.0-mediated T0 OsGW2OsGN1a mutants in a HF manner. The frequencies of each zygotic type 
are shown as percentages. A total of 14 individual transgenic plants were examined using NGS. i, Representative genotypes of Cas9-Act3.0-mediated 
T0 OsGW2OsGN1a mutants in a HF manner. The red dash indicates a nucleotide deletion. The black dash indicates a blank space. The bold DNA bases 
indicate insertion. PAM, protospacer adjacent motif. k, Analysis of the cleavage activity of Cas9-Act3.0 at the target sites of OsBBM1 promoter in rice 
plants. Both tgR1 and tgR2 of a 15-nt protospacer were used for OsBBM1 activation. Error bar represents the mean ± s.d. (n = 5 and 18 independent plants 
for CTRL and A+GE, respectively). P values were obtained using the two-tailed Student’s t-test. l, Determination of OsBBM1 activation level in  
Cas9-Act3.0-mediated HF edited plants using qRT–PCR. Leaf tissue was sampled for total RNA extraction. CTRL represents the mixed sample from three 
individual plants. Error bar represents the mean ± s.d. (n = 3 technical replicates).
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