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An efficient CRISPR–Cas12a promoter  
editing system for crop improvement

Jianping Zhou    1,2,8, Guanqing Liu    3,4,5,8, Yuxin Zhao1, Rui Zhang1, Xu Tang1, 
Ling Li1, Xinyu Jia1, Yachong Guo1, Yuechao Wu    3,4,5, Yangshuo Han    3,4,5, 
Yu Bao    3,4,5, Yao He1, Qinqin Han1, Han Yang1, Xuelian Zheng    1, 
Yiping Qi    6,7  , Tao Zhang    3,4,5   & Yong Zhang    1,2,3 

Promoter editing represents an innovative approach to introduce quantitative 
trait variation (QTV) in crops. However, an efficient promoter editing system 
for QTV needs to be established. Here we develop a CRISPR–Cas12a promoter 
editing (CAPE) system that combines a promoter key-region estimating 
model and an efficient CRISPR–Cas12a-based multiplexed or singular editing 
system. CAPE is benchmarked in rice to produce QTV continuums for grain 
starch content and size by targeting OsGBSS1 and OsGS3, respectively. We 
then apply CAPE for promoter editing of OsD18, a gene encoding GA3ox in the 
gibberellin biosynthesis pathway. The resulting lines carry a QTV continuum 
of semidwarfism without significantly compromising grain measures. Field 
trials demonstrated that the OsD18 promoter editing lines have the same 
yield performance and antilodging phenotype as the Green Revolution OsSD1 
mutants in different genetic backgrounds. Hence, promoter editing of OsD18 
generates a quantitative Green Revolution trait. Together, we demonstrate a 
CAPE-based promoter editing and tuning pipeline for efficient production of 
useful QTV continuum in crops.

The rapid development of genome editing technologies has been 
fuelling innovations in crop breeding to provide timely solutions to 
sustainably feed 10 billion people in the shadow of climate change1. 
Given that most agronomic traits are quantitative, the introduction 
of quantitative trait variation (QTV) in crops by genome editing holds 
great promise for revolutionizing and fast-tracking crop breeding. This 
concept was first demonstrated in the landmark report of clustered 
regularly interspaced short palindromic repeats (CRISPR)–CRISPR 
associated protein 9 (Cas9)-based multiplexed promoter editing in 

tomato2. CRISPR–Cas9-based promoter editing was also demon-
strated in staple crops such as rice3–6 and maize7. With the capabil-
ity of fine-tuning key agronomic traits such as flowering time and 
plant architecture8, promoter editing is a powerful approach for crop  
improvement.

At present, a major challenge of promoter editing is to efficiently 
achieve the desired editing outcomes, which are quantitative in nature. 
However, unlike editing of the protein-coding region, which often leads 
to the identifiable variation with gene loss-of-function, the phenotypic 
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Fig. 1 | Rational design of the CAPE system. a, Chromatin architecture within 
the upstream promoter region that orchestrates the expression of the gene.  
b, Selection of genomic features for building the estimating model. Five features 
(chromatin accessibility, TF binding sites, sequence conservation, H3K27ac 
histone modification and variation effects) were selected as input features. 
Data from all features within the promoter region were chunked into 20-bp bins 
and normalized. Processed data were aggregated with given weights. Each bin 

was assigned an aggregate score, which represents the putative effect of the 
bin on the target-gene expression. c, Schematic of the putative effects on the 
target gene by CRISPR-based promoter editing. The aggregate scores of the 
promoter regions are marked in pink. The predicted KRs with high aggregate 
scores are shaded in grey. d, Characteristic comparisons of the two most popular 
CRISPR systems supports CRISPR–Cas12a as a promising promoter editing tool. 
TracrRNA, trans-activating CRISPR RNA.
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outcomes of promoter region editing are hard to predict9,10. This is 
largely because massive cis-regulatory elements (CREs), along with 
functionally neutral sequences, are harboured in the promoter regions 
in which CREs orchestrate with various transcription factors (TFs) to 
regulate spatiotemporal gene expression11,12. Hence, multiple factors 
associated with CREs—such as chromatin accessibility13–15, histone 
post-transcriptional modifications (PTMs)11,16, TF binding motifs12,17, 
conserved noncoding sequences (CNSs)18–20 and variation effects (the 
effects of genetic variations on phenotypes)21–23—should be considered. 
In addition, CREs are commonly enriched in open chromatin regions, 
where chromatin has high accessibility14,24. Active plant promoters 
are characterized by active histone modifications such as H3K4me3 
and H3K27ac, which can be used for identifying CRE activity14,25,26. 
Considering all these factors, it is imperative to build a biocomputa-
tional model that can assign quantitative values to different regions 
within a promoter, which will in turn effectively guide promoter edit-
ing experiments to fine-tune gene expression and generate desirable 
quantitative traits in crops.

To optimize promoter editing, it is necessary to use the most 
appropriate and efficient CRISPR system. Previous promoter editing 
studies had relied on the Cas9 nuclease, which generates blunt-end 
DNA double-strand breaks (DSBs), leading to small insertions and 
deletions (indels)27. However, small indels may be unable to abolish 
or affect the functions of CREs in many cases. Unlike Cas9, Cas12a 
induces staggered-end DSBs, which lead to much larger deletions28–31. 
Hence, Cas12a seems to be a better tool than Cas9 to destroy CREs and 
render promoter editing effects. Furthermore, CRISPR–Cas12a only 
requires short CRISPR RNAs (crRNAs) for DNA targeting and is capable 
of self-processing a crRNA array due to its intrinsic RNase activity32. As 
highly multiplexable CRISPR–Cas12a systems have been established in 
plants30,33–37, CRISPR–Cas12a represents a promising tool for promoter 
editing to introduce QTV in crops.

Here we developed an efficient promoter editing system, 
CRISPR–Cas12a promoter editing, henceforth referred to as CAPE. 
This CAPE system combines the estimation of key regions (KRs) of 
promoters and effective multiplexed Cas12a-mediated promoter 
editing to robustly create QTV in plants. As a proof of concept, we 
demonstrated the use of CAPE to efficiently generate QTV contin-
uums in the starch content and grain size of rice by targeting the 
OsGBSS1 (ref. 38) and OsGS3 (ref. 39) promoters, respectively. Fur-
thermore, by fine-tuning plant height through promoter editing of 
key genes in plant hormone biosynthesis pathways, we successfully 
generated promoter-edited crops with a desirable semidwarfism and 
antilodge trait without a substantial yield penalty. In the past, this 
Green Revolution trait in crops was achieved through the qualitative 
loss-of-function of SD1 (also known as GA20ox)8,40,41. Here we demon-
strated CAPE as an efficient system for creating a quantitative Green 
Revolution trait and hence greatly expanded the molecular breeding  
resources.

Results
Creating the CAPE system
We aspired to have a biocomputational design tool to guide promoter 
editing. A major aspect of this design tool is to estimate the importance 
of different promoter subregions and their potential impact on gene 
expression. Thus, we developed an estimating model based on five 
genomic or epigenomic features that are associated with CREs—that 
is, chromatin accessibility, TF binding motifs, sequence conservation, 
histone modification (H3K27ac) and variation effects (Fig. 1a and Sup-
plementary Fig. 1). The estimating model assigns scores to each feature 
(hereafter we refer to these feature scores as OC, TF motif, CNS, PTM 
and GenoPheno scores, respectively) within the promoter regions. All 
the feature scores were then aggregated with the respective weights 
to determine the putative influence of the regulatory regions on gene 
expression (Fig. 1b and Methods). We assumed that the aggregate scores 
are correlated with the activity of CREs, which play a key role in the 
regulation of target-gene expression: higher aggregate scores indicate 
more KRs that when deleted or mutated may give more pronounced 
phenotypes due to remarkable changes in gene expression (Fig. 1c). 
To validate our model, we analysed the recently published promoter 
editing data for SlWOX9 in tomato42. We calculated and visualized the 
aggregate scores in the SlWOX9 promoter (Supplementary Fig. 2a) and 
marked the genotypes of 33 promoter editing lines (Supplementary 
Fig. 2b). Promoter editing lines with mutations that highly overlapped 
with the KRs clearly had more significant phenotypes with increased 
branches compared with the wild-type (WT; Supplementary Fig. 2b). 
Our estimating model showed a strong predictive power as the pheno-
type is highly correlated with the genotype, and the phenotype differ-
ence among mutated regions with low and high aggregate scores was 
highly statistically significant (Supplementary Fig. 2c). We also analysed 
two promoter editing datasets in maize at ZmCLE7 and ZmFCP1 (ref. 7). 
As expected, mutations in regions with higher aggregate scores induced 
more phenotypic changes than mutations in regions with low aggregate 
scores for both the ZmCLE7 (Supplementary Fig. 3a,b) and ZmFCP1 
mutants (Supplementary Fig. 3d,e). These results support the predic-
tive power of our model, although statistically significant differences 
were not detected due to small sample sizes (Supplementary Fig. 3c,f).

Based on previous studies, Cas12a is potentially more advanta-
geous than Cas9 for promoter editing given that it generates larger 
deletions and targets AT-rich sites (with the TTV protospacer adja-
cent motif (PAM) requirements) that are prevalent in promoters and 
KRs as estimated by our model (Fig. 1d and Supplementary Fig. 4). 
By combining promoter KR estimation and multiplexed Cas12a edit-
ing, we developed the CAPE system for efficient promoter editing in 
plants (Fig. 1). We set to comprehensively test and apply CAPE in rice, 
a major crop. To facilitate the use of the system, we predicted the KRs 
associated with gene expression in each promoter, which can be visu-
alized in a genome browser. The crRNAs were pre-designed for every 
annotated gene in the rice genome and crRNAs targeting regions 

Fig. 2 | Generation of a QTV continuum of the starch content of rice by 
promoter editing of OsGBSS1. a, Allele analysis of the OsGBSS1 gene and its 
promoter for 4,594 cultivars from seven rice subspecies. All of the mutation 
sites recorded by MBKbase are marked with a dashed line. The stacked bar chart 
displays the usage preference of each allele in each rice population. The pie 
charts and the bottom bar plots show the usage ratio and their corresponding 
amylose content, respectively, for seven natural Wx alleles from Huang and 
collagues38. The green, grey and blue boxes in the gene schematic indicate 
promoter, 5′ UTR and CDS, respectively. The amylose content was tested in 
triplicate and the exact values are provided on the bar plots; data represent 
the mean ± s.d. b, Feature and aggregate scores calculated by the estimating 
model. The KRs are shaded in grey. c, Schematic depicting the genotypes of 47 
CRISPR–Cas12a-based OsGBSS1 promoter editing (OsGBSS1-PE) lines along with 
the WT and null-mutant (OsGBSS1-m01) controls (left). The amylose content of 
all plants is provided (right); data represent the mean ± s.d. of three biological 

replicates. Different letters indicate significant differences, determined using 
a one-way analysis of variance (ANOVA; P < 0.05; Duncan test). A schematic of 
the OsGBSS1 gene is provided (top); the green segment indicates the promoter 
region and the orange arrowheads represent crRNAs carried by the pGEL590 
vector. TSS, transcription start site. d, Comparison of phenotype changes after 
promoter editing of mutants with low or high aggregate scores. Phenotype 
changes were defined as the difference of the measured phenotype between the 
WT and mutant. Individual data points are marked as open circles; n, number of 
mutants. Significance analysis was done using a one-tailed Mann–Whitney U-
test. e, Correlation between the predicted aggregate scores and the normalized 
phenotype differences. Phenotype differences were normalized using the 
Z-score method. The grey error band represents the 95% confidence interval. 
f, Images of different OsGBSS1-PE rice following milling (left) and grain starch 
iodine staining (right). WT, Nipponbare; YBN2, a local waxy rice variety. The 
percentages below the sample names represent the amylose content.
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with different levels of aggregate scores were colour-coded for easy 
selection (Supplementary Fig. 1; https://zhangtaolab.org/cape).  
Meanwhile, we also developed an efficient CRISPR–Cas12a cloning 

system for multiplexed editing in both dicotyledons and monocoty-
ledons (Supplementary Fig. 5). In this study we included crRNAs tar-
geting some promoter regions of lower aggregate scores so that we 
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could assess the design model in an unbiased way while generating  
QTV continuums.

Efficient creation of amylose content variation in rice
The cooking and taste characteristics of small grains such as rice, 
maize and wheat are highly influenced by their amylose content. 

Granule-bound starch synthase I (GBSS1, also known as Waxy/Wx) is 
responsible for amylose biosynthesis in grains38,43. We analysed the 
OsGBSS1 locus of 4,594 cultivars from seven subspecies of rice and 
identified many natural mutations throughout the coding sequence 
and promoter region. However, among these abundant germplasm 
resources, only six natural variation mutations (five in the coding 
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Fig. 3 | Generation of a QTV continuum of rice grain size by promoter editing 
of OsGS3. a, Allele analysis of the OsGS3 gene and its promoter for 3,775 cultivars 
from seven rice subspecies. All of the mutation sites recorded by MBKbase are 
marked with a dashed line. The stacked bar charts display the usage preference 
of each allele in each rice population. The pie charts show the allele usages of 
a reported natural mutation (C165A; indicated in red on the schematic of the 
gene), which introduces premature transcription termination, in different rice 
populations. b, Feature and aggregate scores calculated by the estimating model. 
The KRs are shaded in grey. c, Comparison of phenotype changes in all mutants 
after promoter editing of mutants with low or high aggregate scores. Phenotype 
changes were defined as the difference of the measured phenotype between the 
WT and the mutant. Individual data points are marked as open circles; n, number 

of mutants. Significance analysis was done using a one-tailed Mann–Whitney 
U-test. d, Schematic depicting the genotypes of ten CRISPR–Cas12a-based OsGS3 
promoter editing (OsGS3-PE) lines along with the WT and null-mutant controls 
(OsGS3-m01; left). The relative expression level of OsGS3 (middle) and 1,000-grain 
weight (right) of all plants are provided; data represent the mean ± s.d. of three 
biological replicates. Different letters indicate significant differences, determined 
using a one-way ANOVA (P < 0.05; Duncan test). A schematic of the OsGS3 gene 
is provided (top); the green segment indicates the promoter region and orange 
arrowheads represent crRNAs carried by the pGEL592 vector; the grey box 
indicates the transcription start site (TSS). e, Seed length (right) and width (right) 
of the OsGS3-PE mutants and controls. Scale bars, 1 cm.
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sequence and one in the 5′ untranslated region) controlling amylose 
content seem to be selected during rice breeding and the resulting 
amylose contents of these cultivars do not form a fine-scale QTV 
continuum (Fig. 2a). Our CAPE estimating model identified five 
OsGBSS1 promoter KRs with high aggregate scores above thresh-
old in the OsGBSS1 default promoter region (2,000 base pair (bp) 
upstream of the transcription start site). We ranked these KRs from 
KR-A to KR-E based on their aggregate scores (Fig. 2b). We then 
conducted CAPE with six Cas12a crRNAs that are within or spanning 
these regions for multiplexed editing in the japonica rice cultivar 
Nipponbare, and one Cas9 construct was used to generate gene 
knockout (Supplementary Fig. 6a). Analysis of 39 T0 lines revealed 
editing at multiple target sites, with many being large deletions 
(Supplementary Fig. 6b,c). The editing frequencies of six crRNAs 
ranged from 59.0% to 94.9% (Supplementary Fig. 6b). We randomly 
tested 47 transgene-free homozygous T1 promoter editing (PE) off-
spring lines that carried deletions of variable sizes and occasionally 
chromosomal inversions, and these lines collectively confer a QTV 
continuum of amylose content from the WT level (approximately 
17%) to the null-mutant level (approximately 3%; Fig. 2c). The gradual 
reduction of the amylose content in these lines is consistent with a 
reverse QTV continuum in gel consistency (Supplementary Fig. 7). 
Next, we analysed the association between our model and pheno-
type changes. As anticipated, more severe phenotypes (as reduced 
amylose content) were observed in lines with edited KRs (Fig. 2d). 
For example, mutations in KR-A with the highest aggregate score 
(for example, OsGBSS1-PE15 to -PE01 editing lines) resulted in a large 
reduction in the amylose content. However, variations in KR-B, KR-C 
and KR-D (PE19, PE20 and PE10 editing lines) resulted in moderate 
phenotype changes, indicating that KR-A has a greater impact on 
the expression of OsGBSS1. These results suggested a strong predic-
tive power of our model (Fig. 2e) as well as the ability of the CAPE 
system to efficiently generate QTV. Decreased levels of amylose in 
the selected promoter editing lines could be easily visualized in the 
rice grains, with and without iodine staining (Fig. 2f). The promoter 
editing lines with the highest reduction in amylose content had 
similar levels to that of the null mutant that was generated by Cas9 
(Supplementary Fig. 6d), which was nearly comparable to YBN2, a 
local waxy rice cultivar (Fig. 2f ).

We further characterized nine promoter editing lines and a 
null-mutant control (Supplementary Fig. 8a). The expression levels 
of OsGBSS1 in the promoter editing lines (Supplementary Fig. 8b) 
were very consistent with the levels of amylose content (Supple-
mentary Fig. 8c). By contrast, the null mutant had similar levels 
of OsGBSS1 expression to the WT, despite the minimal amylose 
content (Supplementary Fig. 8b,c). Further analysis of two pro-
moter editing lines (PE01 and PE20) demonstrated that the WT and 
null mutant had comparable phenotypes—plant height, length of 
the main panicle, seed morphology, seed length, seed width and 
1,000-grain weight (Supplementary Fig. 8d–j). These data suggest 

that fine-tuned levels of amylose in the promoter editing lines are 
not associated with any potential yield penalty. Hence, using CAPE, 
we could efficiently fine-tune the expression of OsGBSS1 to gener-
ate a desirable QTV.

Generation of quantitative trait continuum for rice grain size
We next assessed CAPE for generating QTV in grain size by target-
ing OsGS3 (refs. 39,44,45). Comparative analysis of 3,775 cultivars 
from seven rice subspecies revealed widespread sequence variation 
in the promoter and coding sequence of OsGS3. Strikingly, only a 
C-to-A nonsense mutation in the second exon has been selected by 
rice breeding (Fig. 3a), which is however consistent with the evolu-
tion history of OsGS3 (ref. 46). Hence, generation of QTV in the grain 
size of rice cultivars by OsGS3 promoter editing would drastically 
diversify the gene pool for variable grain sizes. To demonstrate this, 
we simultaneously targeted the promoter of OsGS3 with six crR-
NAs (Fig. 3b) with a multiplexed Cas12a construct (Supplementary  
Fig. 9a). In parallel, a Cas9 construct was used to generate OsGS3-null 
mutants by editing the coding sequence (Supplementary Fig. 9a). 
Analysis of 34 T0 lines indicated that nearly all lines carried multi-
plexed edits and the editing efficiencies for the crRNAs ranged from 
70.6% to 100% (Supplementary Fig. 9b). Transgene-free homozygous 
T1 lines were obtained, with large deletions across the target sites for 
promoter editing by Cas12a (Supplementary Fig. 9c) and the small 
deletion for the coding sequence editing by Cas9 (Supplementary 
Fig. 9d). All promoter editing lines carried different mutations in the 
two promoter regions with high aggregate scores (Supplementary 
Fig. 10a,b). A QTV continuum of 1,000-grain weight was observed 
among these lines (Supplementary Fig. 10b), and the clusters of 
low and high 1,000-grain weight measures were largely predictable 
based on the promoter editing genotypes (Fig. 3c and Supplementary  
Fig. 10c). A QTV continuum was also observed for the seed length 
(Supplementary Fig. 11a) and width (Supplementary Fig. 11b). We 
further analysed ten representative promoter editing lines and found 
an OsGS3 expression continuum among them, which is consistent 
with the 1,000-grain weight phenotype (Fig. 3d) and grain size (Fig. 
3e). Furthermore, analysis of two representative promoter editing 
lines showed no difference in plant morphology, height or the length 
of the main panicle between these lines and the WT or null mutant 
(Supplementary Fig. 11c–e). This work not only further validated the 
power of promoter editing to introduce QTV mutations in plants 
but also provided abundant new alleles with expression variation of 
OsGS3, which do not exist in the rice germplasms available at present.

Promoter editing of hormone genes for Green Revolution 
traits
Semidwarf and antilodging traits are highly valuable in small grain 
crops, which historically contributed to yield increase since the Green 
Revolution8,40,47. Plant height is controlled by several hormones, includ-
ing brassinosteroid, gibberellin and strigolactone8,40,48. We investigated 

Fig. 4 | Generation of a QTV continuum of rice plant height by promoter 
editing of OsD18. a, Schematic depicting the synthesis pathways of 
brassinosteroid, strigolactone and gibberellin. The genes shown in blue and 
green text (OsD11, OsD2, OsSD1, OsD18 and OsD10) were chosen for genome 
editing in this study. b, Feature and aggregate scores calculated by the estimating 
model. The KRs are shaded in grey. c, Schematic depicting the genotypes of 
31 CRISPR–Cas12a-based OsD18 promoter editing (OsD18-PE) lines along with 
the WT and null-mutant (OsD18-m01) controls (left). Plant heights (right) are 
indicated; data represent mean ± s.d. of five biological replicates. A schematic 
of the OsD18 gene is provided (top); the green segment indicates the promoter 
region, and the blue and orange arrowheads represent crRNAs carried by the 
pGEL602 and pGEL603 vectors, respectively. d, Comparison of phenotype 
changes after promoter editing of mutants with low or high aggregate scores. 
Phenotype changes were defined as the difference of the measured phenotype 

between the WT and mutant. Individual data points are marked as open circles; 
n, number of mutants. Significance analysis was done using a one-tailed Mann–
Whitney U-test. e, Plant (left) and panicle (right; dashed-white box) phenotypes 
of OsD18-PE mutants and control plants grown in the green house. f, The relative 
expression levels of OsD18 in OsD18-PE lines, OsD18-m01 mutant, xiaowei, 
OsSD1-m01 mutant and WT controls were measured by quantitative PCR with 
reverse transcription (RT–qPCR) with three biological and three technical 
replicates per biological sample. g, Main panicle length. Five panicles were 
measured per genotype. h, Seed number of main panicles. g,h, Data represent 
the mean ± s.d. of five replicates. i, Seed length. j, Seed width. i,j, Data represent 
the mean ± s.d. of ten biological replicates. k, 1,000-grain weight. Data represent 
the mean ± s.d. of three biological replicates. c,f–k, Different letters indicate 
significant differences, determined using a one-way ANOVA (P < 0.05;  
Duncan test).

http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-023-01384-2

whether it is possible to explore promoter editing to generate novel 
semidwarf Green Revolution traits by targeting some of the biosyn-
thesis genes for these hormones. We selected OsD2 (ref. 49) and OsD11 

(ref. 50) in the brassinosteroid biosynthesis pathway, OsD10 (ref. 51) in 
the strigolactone biosynthesis pathway, and OsSD1 (ref. 40) and OsD18 
(ref. 52) in the gibberellin biosynthesis pathway (Fig. 4a).
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We first generated a OsD2-null mutant using Cas9 (Supplemen-
tary Fig. 12a,b) and observed dwarfism in both the seedling and 
mature plant stages (Supplementary Fig. 12c,d), resulting in severely 
reduced grain yield as there were few seeds per panicle (Supplementary  
Fig. 12e). Two CRISPR–Cas12a T-DNA vectors, each multiplexing six 
crRNAs (Supplementary Fig. 13a), were used to generate the promoter 
editing lines (Supplementary Fig. 13b,c). Expression analysis showed 
a gradual reduction of OsD2 expression in these lines (Supplemen-
tary Fig. 13d), consistent with a gradual reduction of the height of 
these lines (Supplementary Fig. 13e) and their semidwarf phenotypes 
(Supplementary Fig. 13f). However, reduced grain-yield parameters—
including length and seed number of the main panicle (Supplementary 
Fig. 13g,h), grain size (Supplementary Fig. 13i–k) and the 1,000-grain 
weight (Supplementary Fig. 13l)—were also observed in the promoter 
editing lines. Promoter editing of OsD11 led to similar observations 
(Supplementary Fig. 14a–m). These results demonstrated that pro-
moter editing of genes in the brassinosteroid biosynthesis pathway 
could generate semidwarf phenotypes, which are associated with a 
severe yield penalty.

We also used Cas9 to generate a null mutant of OsD10 (Supple-
mentary Fig. 15a,b). Severe dwarfism was observed in the mutant 
(Supplementary Fig. 15c,d). It had a very low seed setting rate (<10%) 
(Supplementary Fig. 15e) and a very high number of panicles per plant 
(approximately 18) compared with the WT (approximately four; Sup-
plementary Fig. 15f). These data suggest that promoter editing of 
OsD10 would probably generate semidwarf plants with yield penalties. 
Consequently, we did not pursue promoter editing of OsD10.

The well-known rice Green Revolution trait is based on knockout 
of OsSD1, a gene involved in gibberellin biosynthesis40 (Fig. 4a). We 
applied CAPE to generate promoter editing lines and used Cas9 to 
generate knockout lines (Supplementary Fig. 16a–d). The two promoter 
editing lines resulted in intermediate plant phenotypes (Supplemen-
tary Fig. 16e) with a minor reduction in plant height (Supplementary 
Fig. 16f) and the length of the main panicle (Supplementary Fig. 16g). 
There were no differences in seed size (Supplementary Fig. 16h–j) or 
1,000-grain weight (Supplementary Fig. 16k) between the promoter 
editing lines and the WT and null-mutant controls. However, because 
the OsSD1-null mutant showed moderate semidwarfism compared with 
the WT and has been widely accepted for efficient breeding practice, it 
is a reasonable assumption that there is less room to create a continuum 
in semidwarfism by editing the promoter of OsSD1.

By contrast, OsD18 knockout resulted in severe dwarfism without 
compromising the grain size52, making it a promising target for pro-
moter editing to realise a Green Revolution trait like OsSD1 knockout. 
We generated two multiplexed CRISPR–Cas12a constructs, with each 
expressing six crRNAs for editing the promoter of OsD18 (Supplemen-
tary Fig. 17a). A total of 31 T0 lines and their 31 transgene-free homozy-
gous T1 offspring lines of both constructs were analysed and confirmed 
to carry multiplexed genome editing events (Supplementary Fig. 17b,c). 
These T1 homozygous lines collectively form a semidwarf continuum 
from 64.0 cm to 98.0 cm (compared to 96.5–101.0 cm for WT plants; 
Fig. 4b,c). Consistent with our earlier observations, editing of the KRs 
with high aggregate scores resulted in more pronounced phenotypes 
(Fig. 4b,c), which again supported the predictive power of our model 
(Fig. 4d). We selected five independent promoter editing lines that 
represent a semidwarfism continuum on the more severe end (Fig. 4c) 
and compared them with the WT, a null OsD18-m01 mutant (Supple-
mentary Fig. 17d), xiaowei (a previously reported OsD18-null mutant 
in a slightly different Nipponbare background)52 and a OsSD1-null 
mutant (Fig. 4e). As expected, expression analysis showed a reduc-
tion of OsD18 in these promoter editing lines (Fig. 4f). Interestingly, 
OsD18 expression was elevated in the knockout lines carrying coding 
sequence mutations (Fig. 4f), suggesting a transcription-feedback 
regulation. Intermediate phenotypes between the WT and the OsD18 
knockout mutant in terms of the length of the main panicle (Fig. 4g) and 

seed number of the main panicle (Fig. 4h) were observed for the five 
promoter editing lines. However, all these lines had the same measures 
for seed length, seed width and the 1,000-grain weight (Fig. 4i–k and 
Supplementary Fig. 17e). Interestingly, all these measures indicated 
that the OsD18 promoter editing lines display a very similar phenotype 
to OsSD1 mutants, suggesting that promoter editing of OsD18 probably 
leads to a Green Revolution trait.

Molecular characterization of OsD18 promoter editing lines
We further investigated the molecular basis of three promoter editing 
lines (OsD18-PE11, -PE22 and -PE30) that represent gene expression and 
phenotype continuums (Fig. 4c–h). We examined different gibberel-
lins in the whole plant of 80-d-old promoter editing lines and differ-
ent controls (the WT, a OsD18-null mutant and a OsSD1-null mutant). 
We could detect nearly all bioactive gibberellins except gibberellin 
1 (GA1; Fig. 5a–e). GA6 had the highest level among all detected gib-
berellins and its level was reduced to between one-third and half of 
the WT in the promoter editing lines as well as in the OsD18-null and 
OsSD1-null mutants (Fig. 5a). Interestingly, the levels of GA3 in all three 
promoter editing lines were significantly increased compared with 
the WT (Fig. 5b). By contrast, the null mutants of OsD18 and OsSD1 
had substantially reduced GA3 levels (Fig. 5b). The promoter editing 
lines and the OsD18-null mutant had similar levels of GA5 to the WT 
but GA5 was significantly reduced in the OsSD1-null mutant (Fig. 5c). 
No difference was observed for GA4 in mutants and the WT (Fig. 5d). 
The null mutants of OsD18 and OsSD1 both had significantly reduced 
levels of GA7, whereas intermediate GA7 levels (between the WT and 
the null mutant) were observed for the OsD18 promoter editing lines 
(Fig. 5e). The consistent measures of bioactive gibberellins among all 
three promoter editing lines suggest that the semidwarfism of these 
lines is probably fine-tuned by the level of bioactive gibberellins.

We next conducted transcriptome analysis by messenger RNA 
sequencing (mRNA-seq) using the whole plant (the aboveground 
part) of 80-d-old promoter editing lines and different controls (the 
WT, a OsD18-null mutant and a OsSD1-null mutant). Over 6,000 genes 
were differentially regulated in the OsD18-null mutant (Fig. 5f). The 
OsD18-PE30 line had similar numbers of differentially expressed genes 
(approximately 4,000) to the OsSD1-null mutant but more than the 
other two promoter editing lines (OsD18-PE11 and OsD18-PE22; Fig. 5f  
and Supplementary Table 1), consistent with the different OsD18 
expression levels in the promoter editing lines (Fig. 4f). Clustering 
analysis based on 44 gibberellin genes in a Kyoto Encyclopedia of 
Genes and Genomes (KEGG) signalling pathway analysis placed all three 
promoter editing lines in the same group as the OsSD1-null mutant, 
whereas the OsD18-null mutant fell outside this group (Fig. 5g and 
Supplementary Table 2), which is consistent with the phenotypes 
of these plants. Some plant height- and gibberellin pathway-related 
genes53 were downregulated in the OsD18-null mutant and promoter 
editing lines (Supplementary Fig. 18). We also analysed the expres-
sion of 43 genes involved in gibberellin biosynthesis (Fig. 5h, Supple-
mentary Fig. 19 and Supplementary Table 3). OsD18 expression was 
substantially increased in the null mutant of OsD18 and reduced in the 
OsD18 promoter editing lines (Supplementary Fig. 19a), suggesting 
that a loss of functional OsD18 protein results in strong activation of 
OsD18 transcription. This strong transcription-regulation feedback was 
also observed for the gibberellin pathway genes upstream of OsD18—
that is, seven of nine ent-kaurene synthase genes (Supplementary  
Fig. 19c), all four ent-kaurene oxidase genes (Supplementary Fig. 19d),  
two GA13-oxidase genes (Supplementary Fig. 19f ) and three 
GA20-oxidase genes, including OsSD1 (Supplementary Fig. 19g). 
By contrast, loss of functional OsD18 in the null mutant resulted in 
reduced expression of many gibberellin pathway genes downstream 
of OsD18, including eight of 12 GA2-oxidase genes (Supplementary 
Fig. 19h). These negative- and positive-feedback regulations of gib-
berellin biosynthesis genes at the transcriptional level were only 
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Fig. 5 | Comparison of the levels of active gibberellins and differentially 
expressed genes between three OsD18-PE lines and controls. a–e, Levels of 
active gibberellin for GA6, GA3, GA5, GA4 and GA7, respectively. Data represent 
the mean ± s.d. of three biological replicates. Different letters indicate significant 
differences, determined using a one-way ANOVA (P < 0.05; Duncan test).  
f, Number of genes that are differentially expressed in the editing lines compared 
with the WT. Threshold value, fold change ≥ 2 and P < 0.05. g, Heat map showing 
the expression of gibberellin-response genes. Each row represents one gene. 
Lower levels of expression are represented in blue and higher expression in red. 
PIF3 and PIF4, phytochrome interacting factors; GID1, gibberellin-insensitive 
dwarf 1. The LOC of gibberellin-response genes that control cell expansion/

division and internode elongation53 is marked in red. LOC is used to indicate 
one rice gene in rice database (http://rice.uga.edu/). h,i, Schematic overview 
of gibberellin metabolism (h) alongside a heat map showing the expression of 
the relevant genes (i). Each row represents one gene. Lower levels of expression 
are represented in blue and higher expression in yellow. Genes that are not 
expressed are indicated in grey. GGDP, geranyl-geranyl diphosphate; CPS, 
copalyl-phosphate synthase; ent-CDP, ent-copalyl diphosphate; KS, ent-kaurene 
synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA13ox, 
GA13 oxidase; GA20ox, GA20 oxidase; GA3ox, GA3 oxidase; GA2ox, GA2 oxidase; 
and CYP714, cytochrome P714.
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observed in the OsD18-null mutant, not in the OsD18 promoter edit-
ing lines or the OsSD1-null mutant (Fig. 5h and Supplementary Fig. 
19). KEGG analysis further supported this idea as the OsD18 promoter 
editing lines were clustered with the OsSD1-null mutant and not with 
the OsD18-null mutant (Fig. 5i). Together, the gibberellin quantifi-
cation and transcriptome analyses provide molecular insights on 
the semidwarfism of OsD18 promoter lines, which phenocopy the  
OsSD1-null mutant.

Field trials of OsD18 promoter editing rice in diverse 
backgrounds
The molecular analyses provided support for the idea that promoter 
editing of OsD18 could generate the semidwarf and antilodging Green 
Revolution trait, as was done with OsSD1 knockout40. To this end, we 
conducted a field trial and compared the yield performance of the three 
OsD18 promoter editing lines, alongside the Nipponbare WT and the 
OsSD1-null (OsSD1-m01) mutant. Mature OsD18-PE22 and OsD18-PE11 
plants showed comparable height to OsSD1-m01, which was shorter 
than the WT but taller than the OsD18-PE30 plants (Fig. 6a,b). The same 
trend was observed for the number of grains per panicle (Fig. 6c). How-
ever, all promoter editing lines and OsSD1-m01 had higher numbers of 
panicles per plant than the WT (Fig. 6d). All lines had the same meas-
ures for seed length (Fig. 6e), seed width (Fig. 6f), 1,000-grain weight  
(Fig. 6g) and the seed setting rate (Fig. 6h). Consistent with these phe-
notypes, the OsD18-PE22 and OsD18-PE11 lines had the same field yield 
as OsSD1-m01 (approximately 0.75 kg m−2), which was slightly lower 
than the WT and slightly higher than OsD18-PE30, which had a more 
pronounced reduction of OsD18 expression (Fig. 6i). The field trial 
data benchmarked some OsD18 promoter editing lines (for example, 
OsD18-PE22 and PE11) whose field performance was comparable to 
Green Revolution OsSD1-null mutants.

However, the natural semidwarf phenotype of the Nipponbare 
cultivar had prevented us from investigating the full potential of intro-
ducing semidwarfism by promoter editing of OsD18. We sought to 
further validate this promoter editing strategy in two landrace waxy 
rice varieties, YBN2 (YiBin Nuo-2) and BBN1 (BeiBei Nuo-1). These two 
varieties have been cultivated in the Sichuan province of China for many 
years, with high-quality soft glutinous grains suitable for various uses 
such as steaming and brewing. However, mature plants of both varieties 
can reach a height of about 1.5 m, making them prone to lodging. The 
promoter of OsD18 in YBN2 is very conserved compared with Nippon-
bare (Fig. 6j). We conducted promoter editing of OsD18 in YBN2 and 
generated OsD18- and OsSD1-knockout lines in YBN2 as controls (Fig. 6j 
and Supplementary Fig. 20a–c). Three representative OsD18 promoter 
editing lines with different degrees of semidwarfism were selected 
(Fig. 6k). As expected, these promoter editing lines had the same grain 
size as the WT as well as the OsD18-null and OsSD1-null mutants in 
the same background (Supplementary Fig. 20d). Similarly, we gen-
erated two OsD18 promoter editing lines (Supplementary Fig. 21a),  
two OsSD1-knockout mutants (Supplementary Fig. 21b) and one 
OsD18-knockout mutant (Supplementary Fig. 21c) in the BBN1 back-
ground. As expected, similar to the OsSD1-knockout mutant, semid-
warfism was observed in the OsD18 promoter editing lines grown in a 

growth chamber without compromising the grain quality and yield of 
the plants (Supplementary Fig. 21d–j).

For further testing in a field trial, we focused on the OsD18 pro-
moter editing lines and controls in the YBN2 background. In this field 
trial, most of the WT YBN2 plants showed the obvious lodging pheno-
type, whereas the OsD18 promoter editing lines were lodging-resistant 
(Fig. 6l), which was attributed to their semidwarf statures resembling 
the OsSD1 mutants (Fig. 6m). Although the WT YBN2 plants had more 
grains per panicle (Fig. 6n), the number of panicles per plant was sig-
nificantly lower than the OsD18 promoter editing lines and the OsSD1 
mutant (Fig. 6o). These lines had the same measures for seed length 
(Fig. 6p), seed width (Fig. 6q), 1,000-grain weight (Fig. 6r) and seed 
setting rate (Fig. 6s). Overall, all three promoter editing lines showed 
similar yield performance to the OsSD1-mutant plants (Fig. 6t). By con-
trast, the yield of the WT YBN2 plants was significantly reduced (Fig. 6t), 
largely attributed to the lodging problem. Together, we demonstrated 
that promoter editing of OsD18 could generate QTV in semidwarfism 
without significant yield penalties. Due to its QTV nature, we term this 
as a quantitative Green Revolution trait.

Discussion
Traditional genetic knockout by targeting the coding sequences cannot 
generate continuous and tuneable gene expression. Similarly, deletion 
of an entire promoter usually results in damage to the three-dimensional 
genomic architecture and produces severe phenotype changes54. It is 
difficult to use these methods to introduce QTV with practical values 
in crops. Earlier studies of OsGBSS1 (Waxy) and OsIPA1 promoter edit-
ing successfully generated rice seeds with a range of amylose content 
and enhanced productivity, respectively4–6. However, these studies 
used CRISPR–Cas9 and did not evaluate the importance of different 
genomic regions before performing promoter editing, which explains 
their low efficacy in generating QTV in crops (Supplementary Table 4). 
By contrast, our CAPE system streamlines the promoter editing process 
to introduce QTV in crops and to greatly enrich the genetic resources 
for crop breeding. Our results on multiple target genes suggested a 
strong predictive power of the editing outcomes by our estimating 
model. CAPE uses an efficient Pol II promoter-based multiplexed Cas12a 
system28,29,34,36, which presumably requires fewer guide RNAs in the KRs 
of the promoter to efficiently introduce QTV, representing a powerful 
genome editing technology that is much more efficient than previ-
ous promoter editing systems (Supplementary Table 4). For example, 
with CAPE, we generated nearly complete QTV continuums of amylose 
content and grain sizes by editing OsGBSS1 and OsGS3, respectively.

The semidwarf and antilodging traits of small grains enabled 
Green Revolution in agriculture8,40,41. Semidwarfism without yield 
compromise is still considered to be one of the two most substantial 
agronomic traits that will benefit more crops beyond small grains, 
especially when introduced by efficient genome editing tools8. To 
assess whether promoter editing can be practically used to generate 
semidwarfism in rice, we applied CAPE to edit key enzyme genes in the 
biosynthesis pathways of three major plant hormones: brassinosteroid, 
strigolactone and gibberellin. Interestingly, although semidwarfism 
could be readily achieved by editing many genes in these pathways, 

Fig. 6 | Field trials of OsD18 promoter editing lines in different genetic 
backgrounds. a–i, Field trial of OsD18-PE and control lines in a Nipponbare (Nip) 
background. Mature plant phenotype (a), plant height (b; n = 5), grain number 
(c; n = 5), panicle number (d; n = 10), seed length, (e; n = 10), seed width (f; n = 10), 
1,000-grain weight (g; n = 3), seed setting rate (h; n = 5) and yields in 2021 (i; n = 3 
independents plots) were assessed. j, Schematic of OsD18 sequence alignment 
in Nip and YBN2 along with three CRISPR–Cas12a-based OsD18 promoter editing 
lines in YBN2 (left), and OsD18- and OsSD1-knockout mutants in YBN2 by CRISPR–
Cas9 (right). The red arrowhead indicates a single nucleotide polymorphism in 
the OsD18 promoters of the YBN2 genome (compared with Nip). Nucleotides in 

blue indicate protospacers and those in red indicate PAM for Cas9-based editing 
(right). k, Key phenotypes—plant height (main image), architecture (bottom 
inset) and milled grains (top inset)—of OsD18 promoter editing lines and control 
plants grown in a growth chamber. l–t, Field trial of OsD18-PE and control lines 
in a YBN2 background. Mature plant lodging/antilodging phenotypes (l), plant 
height (m; n = 5), grain number (n; n = 5), panicle number (o; n = 10), seed length 
(p; n = 10), seed width (q; n = 10), 1,000-grain weight (r; n = 3), seed setting rate 
(s; n = 5) and yields in 2021 (t; n = 3 independent plots) were assessed. b–i,m–t, 
Data represent the mean ± s.d.; different letters indicate significant differences, 
determined using a one-way ANOVA (P < 0.05; Duncan test).
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only promoter editing of OsD18 in the gibberellin pathway resulted in 
semidwarfism without significant yield penalty (Fig. 7), as proven by 
the field trials. The OsD18-null mutant had more severe dwarfism than 

the OsSD1-null mutants, which provides a great opportunity to gener-
ate a much wider range of QTV continuum. For this reason, promoter 
editing of OsD18 can generate a quantitative Green Revolution trait in 
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rice (Fig. 7). OsD18 is a GA3ox enzyme gene that is highly conserved in 
plants. Hence, we postulate that promoter editing of the GA3ox enzyme 
gene(s) is a promising approach to create QTV in crop statures that can 
be further selected for optimal performance based on different genetic 
backgrounds and environmental conditions or needs.

The estimating model in CAPE should inform users to conduct 
a more focused promoter editing experiment to have a predictable 
phenotype. To further test this, we targeted the KR-A (390 bp) of 
the highest aggregate score in the OsD18 promoter with five crRNAs  
(Supplementary Fig. 22a) and obtained two homozygous T1 lines with 
multiplexed editing (Supplementary Fig. 22b). Both lines (OsD18-fPE1 
and OsD18-fPE12; group VI) indeed showed a strong and similar semi-
dwarf phenotype, more so than the lines with multiplexed edits that 
largely resided outside KRs (group I) or large deletion lines that mostly 
impacted KRs of lower aggregate scores (group II; Supplementary  
Fig. 22c). These results demonstrate that desirable phenotypes can 
be efficiently obtained using the prediction model in CAPE. To further 
evaluate the prediction model and the nuclease choice in CAPE, we 
compared the OsD18-promoter-editing ability of Cas9 and Cas12a using 
singular guide RNA (sgRNA). KR-A and its adjacent non-key (NK) region 
were each targeted by several guide RNAs with both Cas9 and Cas12a at 
nearly overlapping targeting sites. For this experiment, we constructed 
four small promoter editing libraries (Cas9-KR, Cas12a-KR, Cas9-NK 
and Cas12a-NK). Among the resulting OsD18 promoter editing lines, 
we found that editing events by Cas9 or Cas12a in NK regions achieved 
little change in the expression level of the target gene (Supplementary 
Fig. 23). On the contrary, promoter editing events with larger deletions 
in KR-A created by Cas12a showed significant reduction in the expres-
sion of OsD18. Given that the Cas9-edited lines all had small indels, 
they failed to affect OsD18 expression despite KR-A being targeted 
(Supplementary Fig. 23). This further illustrates the importance of 
the prediction model and the use of Cas12a, not Cas9, in the CAPE 
system. Given the diverse spatiotemporal expression patterns of dif-
ferent genes, which largely reflect their molecular basis of pleiotropic 

function, utilizing CAPE with a crRNA library as demonstrated here 
will undoubtedly enable more precise and efficient fine-tuning of 
gene expression.

Many plant genes are regulated in a spatiotemporal manner. 
Understanding the regulatory landscape of these genes requires 
an efficient tool to dissect CREs. We previously characterized 
three intronic enhancers that are critical for fine-tuning tissue- and 
development-specific expression of their cognate genes in Arabidop-
sis55. CRISPR–Cas9-based promoter editing has been used to dissect 
the functions of CREs in tomato and other plants42,56. Based on existing 
knowledge, we know that the epigenomic features of promoters—
including multiple types of DNA, RNA and histone modifications—can 
observably affect the differential expression of genes, and these epige-
netic modifications themselves have a certain degree of spatiotemporal 
dynamic changes. To avoid the influences of these dynamic epigenomic 
features, we also added genetic information such as sequence conser-
vation and TF binding motifs in CAPE. In this study our CAPE pipeline 
successfully estimated the impacts of the KRs of promoters on gene 
expression through the use of both genetic information and epigenetic 
data from leaf tissue. It is worth noting that the three edited rice genes, 
OsGBSS1, OsGS3 and OsD18, have notable spatiotemporal expression 
patterns and they each regulate or form part of different molecular 
metabolic pathways to affect various biological traits. However, the KRs 
in the promoters of all these genes were still clearly detected by CAPE 
and editing of these regions efficiently induced the novel phenotype 
variations. Thus, these results could reliably demonstrate the effec-
tiveness and reliability of the CAPE pipeline developed here. We note 
the current CAPE pipeline may have certain limitations in providing 
comprehensive prediction and understanding of the functional roles 
for each target-gene promoter. We anticipate further optimization of 
the precision, scope of application and effectiveness of the CAPE sys-
tem in the future. This would be aided with the availability of big data 
on spatiotemporal epigenetic modifications, differential expression 
patterns, genome diversities and phenomics information in diverse 
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Fig. 7 | Summary of genome editing outcomes in this study towards 
engineering semidwarfism in rice. Comparison of rice agronomic traits 
influenced by coding sequence (CDS) knockout and promoter editing strategies. 
Biosynthesis genes for the plant hormones brassinosteroid, gibberellin and 
strigolactone were edited and key agronomic traits were measured in the 
resulting lines. ND, no data to test. For CDS knockout: OsD2 mutants, n = 5 
samples were measured for each of the first four traits; OsD11 mutants, n = 5, 5, 
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and OsSD1 mutants, n = 10, 10, 5, 5, 20 and 6 samples. For promoter editing: OsD2 
mutants, n = 15, 15, 15, 15, 30 and 9 samples; OsD11 mutants, n = 10, 10, 10, 6, 20 
and 6 samples; OsD18 mutants, n = 25, 25, 25, 25, 50 and 15 samples; and OsSD1 
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middle line of the box plot represents the median. The box edges represent the 
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dashed lines represent the median of the traits in the WT plants.
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plants. We envision our CAPE system will greatly enable the dissection 
of CREs in plants.

In conclusion, we developed a powerful CAPE system for engineer-
ing QTV in crops. With CAPE, we efficiently introduced QTV continuums 
in the starch content, grain size and plant height of rice. Thus, this 
study not only provided a technological breakthrough for promoter 
editing but also further validated the power of promoter editing to 
introduce agriculture-relevant QTV in crops2,7,42. We hope this CAPE 
system, when applied in more crops, will greatly aid crop breeding by 
efficiently producing genetic variation in elite germplasms. Notably, 
although the demonstrations were done in rice, we believe that the 
quantitative Green Revolution trait engineering by promoter editing 
of a key GA3ox gene is applicable to many other crops.

Methods
Plant materials and field trials
The rice cultivar Nipponbare (Oryza sativa L. japonica) was used as 
the WT control and transformation host for most of the experiments. 
The landrace waxy rice varieties YBN2 (local name: YiBin Nuo-2) and 
BBN1 (local name: BeiBei Nuo-1; Oryza sativa L. japonica) used for 
OsD18 editing are from YiBin and MianYang, Sichuan province in China, 
respectively. The field trials of the OsD18-PE and control lines in the Nip-
ponbare background were conducted at Chengdu, Sichuan province 
(30° 43′ N, 103° 52′ E) and the field trials of OsD18-PE and control lines in 
the YBN2 background were conducted at MianYang, Sichuan province 
(31° 30′ N, 104° 25′ E) in 2021 in natural environments.

Estimating model construction for promoter editing in rice
We generated an estimating model to quantify the potential contribu-
tion of different regions of a gene promoter to gene expression. Five 
genetic or epigenetic datasets—open chromatin (DNase I hypersensi-
tive sites sequencing, DNase-seq), TF binding sites (data from JASPAR57), 
conserved noncoding sequences (data from PlantRegMap58), H3K27ac 
histone modification (chromatin immunoprecipitation with sequenc-
ing, ChIP–seq) and variation effects (data from MBKbase59)—were 
selected as features to build the model.

First, we mapped all of the data to the rice reference genome60. For 
the DNase-seq and ChIP–seq, the raw data were trimmed using cutadapt 
v3.5 (ref. 61). For the DNase-seq, clean reads were aligned to the rice 
reference genome using bowtie v1.2 (bowtie -n 0 -m 1 –best –strata)62. 
Popera (https://github.com/forrestzhang/Popera) was used to call 
DNase I hypersensitive sites and generate the coverage tracks in bigWig 
format63. For the ChIP–seq, clean reads were mapped to the reference 
genome using bowtie2 v2.3.2 with default parameters64. High-quality 
reads were retained to generate the coverage using bamCoverage from 
deepTools v3.5.1 (bamCoverage -bs 5 –normalizeUsingRPKM –skipNAs 
–minMappingQuality 15)65.

Genome-wide prediction of TF binding sites in rice was con-
ducted using FIMO v4.11.2 (ref. 66) based on the non-redundant 
position frequency matrix data from the JASPAR 2020 Core Plants 
collections. Binding sites with P < 1 × 10−5 and ;q-value < 1 were kept 
for further analysis. We downloaded the precalculated sequence con-
servation scores (PhastCons) from the PlantRegMap database. The 
bedGraphToBigWig script was then used to convert the format of the  
score file.

To quantify the putative effects of single nucleotide polymor-
phisms/indels on the phenotypes in the rice genome, we retrieved the 
promoter regions of the target genes from all the genotypes in the MBK-
base database. Haplotypes were detected using the Biopython pack-
age67. We also collected the phenotype information associated with the 
target genes59. To connect the haplotypes with phenotype changes, we 
calculated the differences of the phenotype values between the refer-
ence haplotype (WT) and other haplotypes. For each mutation site 
among the haplotypes, we gathered all of the phenotype differences 
and performed a Kruskal–Wallis H-test based on the Python library 

SciPy. The −log(P value) of the H-test was assigned to each mutation, 
which represents the putative effect on the corresponding phenotype.

Finally, we panned all five features to the promoter of the target 
gene using BEDTools68. Each promoter was first split into 10-bp bins 
and then scores of each feature within the bins were averaged using 
the following formula:

ASi =
ω1 ×Oi + ω2 ×Mi + ω3 × Ci + ω4 × Hi + ω5 × Gi

ω1 + ω1 + ω1 + ω4 + ω5

where AS means an aggregate score that combines all scores from 
the five selected features—chromatin accessibility (O), TF binding 
motifs (M), sequence conservation (C), histone modification (H) and 
variation effects (G)—and i represents each bin in a promoter. Weight 
coefficients ω1–ω5 (1, 0.8, 1.2, 0.4 and 0.2) for the five features are 
determined empirically and evaluated using the non-negative linear 
regression model from scikit-learn. Among the five features, chromatin 
accessibility and sequence conservation are the most important fea-
tures, followed by TF binding motifs. Chromatin accessibility is used to 
discover the dynamic regulatory elements. Sequence conservation is 
used to find all potential noncoding regulatory sites regardless of the 
tissue or conditions. TF binding motifs make the detection of regula-
tory sites more refined. H3K27ac histone modification facilitates the 
identification of active regulatory regions. Variation effects are used to 
further detect the key sites that may affect gene expression. These two 
features have relatively lower weight coefficients. Aggregate scores in 
a promoter are divided by the maximum aggregate score to generate 
normalized scores between zero and one. We also define KRs where 
bins with aggregate scores are greater than the average aggregate 
score in the promoter. These regions may be more relevant to gene 
expression. Based on the model, we performed the analysis of all of 
the gene promoters in the rice genome. The instructions of feature 
data processing and the complete pipeline of CAPE for calculating 
aggregate scores have been deposited to GitHub (https://github.com/
zhangtaolab/CAPE). An informative genome browser with defined 
KRs and pre-designed guide RNAs69–71 was also provided on the basis 
of JBrowse2 (ref. 72) (https://zhangtaolab.org/cape).

Validating the strength of the estimating model
Three rice genes, two maize genes and one tomato gene were used to 
validate the estimating model. The rice editing lines were generated in 
this study. Maize data were retrieved from ref. 7 and tomato data were 
retrieved from ref. 42. For the maize and tomato data analyses, BWA 
v0.7.17 (ref. 73) was used to map all assay for transposase-accessible 
chromatin using sequencing and ChIP–seq reads to the respective 
reference genomes74,75. The other procedures were the same as the 
pipeline in rice. The genetic variation feature was dropped when cal-
culating aggregate scores.

In all of the promoter editing mutants derived from a gene, we first 
summed the aggregate scores overlapping the editing sites in each 
mutant and then calculated a cutoff to classify the mutants into two 
groups (low editing and high editing) based on the average aggregate 
score among all mutants. Next, we counted the phenotype differences 
between the mutant and WT plants in the two groups. Finally, a signifi-
cance analysis was performed using a one-tailed Mann–Whitney U-test. 
In addition, Spearman’s rank correlation coefficient was performed to 
examine the relationship between the predicted aggregate scores and 
observed phenotype changes.

Vector construction
For the Cas9 editing vectors, the sgRNA was cloned into the expres-
sion backbone vector pGEL026 according to the previously estab-
lished method76,77. The individual annealed sgRNA oligonucleotide 
pair (Oligo1 and Oligo2) was cloned into the region between the OsU6 
promoter and the sgRNA scaffold78. The sgRNA oligonucleotide pairs 
are listed in Supplementary Table 5. A CRISPR–Cas12a toolkit was 
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developed by Gibson and Golden Gate assembly for dicotyledon and 
monocotyledon plants. Those vectors were derived from pGEL589 
(refs. 29,36). To clone one or two crRNAs into the Cas12a vector, two 
synthesised oligonucleotides were annealed to generate a crRNA(s) 
fragment. The annealed mixture was diluted 100× with autoclaved 
double-distilled H2O and then cloned into the Cas12a vector via Golden 
Gate assembly. To clone more than two crRNAs into the Cas12a vec-
tor, the crRNA array sequence was split into fragments at the crRNA 
sequences using the NEBridge SplitSet tool; fragments were generated 
by annealing two synthesised oligonucleotides. The adaptor contains 
a BsaI recognition sequence. The subclone sequence was then cloned 
into the expression backbone vector pGEL589 according to Golden 
Gate reaction34. The vector pGEL589 contains two expression cas-
settes: one cassette is the LbCas12a gene under a maize ubiquitin 1 
promoter (pZmUbi1) and the other cassette is the crRNA array under 
a rice ubiquitin 1 promoter (pOsUbi1). The crRNA expression cassette 
was inserted between HH-DR and HDV sites with BsaI to replace a ccdB 
selection marker. All crRNAs and subclone sequences used in this study 
are listed in Supplementary Table 5. All of the T-DNA constructs have 
been submitted to Addgene, under the IDs 195595–195606.

Stable transformation of rice
Stable transformation of rice was carried out according to a previ-
ously published protocol9,45. Briefly, dehulled rice seeds were sterilized 
and then cultured on N6D solid medium. The precultured calli were 
transformed by inoculation with Agrobacterium EHA105 carrying the 
recombinant vector. The inoculated calli were co-cultured with Agro-
bacterium for 3 d, washed and moved to selection medium containing 
50 mg l−1 hygromycin and 400 mg l−1 carbenicillin. After 3 weeks actively 
growing calli were moved to regeneration medium I to induce shoot 
growth. Small shoots were further transferred to regeneration medium 
II to induce root growth. The resulting transgenic seedlings were then 
transplanted into soil.

Targeted mutation detection
Genomic DNA was extracted from transgenic plants using a modified 
CTAB method78. Genomic regions of targeted sites were amplified with 
specific primers (Supplementary Table 5) and the PCR products were 
analysed by single-strand conformation polymorphism analysis76,79. 
Briefly, the targeted genomic regions of T0 lines were amplified, and 
the PCR products amplicons were denatured for 5 min at 95 °C and 
immediately put on ice to minimize self-annealing. The denatured PCR 
amplicons were electrophoresed on 15% non-denaturing polyacryla-
mide gels at 45 mA, 120–200 V. After about 6 h, the polyacrylamide gels 
were stained using argentation for photographing. The T1 homozygous 
mutant lines were further genotyped through Sanger sequencing.

Characterization of promoter editing mutant alleles
To clearly display the alleles of rice mutants, the allele visualization was 
done using custom R and Python scripts. The indel, inversion of each 
allele and crRNA target sites were plotted together. Aggregate scores 
along with the other five features scores were displayed to show the 
contributions of each feature on the prediction.

mRNA transcriptome sequencing and analysis
The T2 stable mutants without T-DNA and WT plants were chosen for 
mRNA transcriptome sequencing or mRNA-seq80. Whole plants (80 d 
old) grown in the experimental paddy field were collected. Three inde-
pendent plants for each mutant were chosen for library construction, 
sequencing and analysis. An Illumina HiSeq 2500 platform was used for 
mRNA transcriptome sequencing at Biomarker Technologies Co. Ltd. 
(China). Data processing and analysis were applied using the BMKCloud 
service (http://www.biocloud.net/). The mRNA-seq data of WT plants 
and other mutants were first aligned to the reference genome using 
HISAT2 v2.0.4 (ref. 81). The abundance of each gene was then calculated 

using StringTie v2.1.7 (ref. 82). Differential expression analysis was 
performed using the edgeR package83. Differentially expressed genes 
in hormone pathways were searched in the KEGG database (http://www.
genome.jp/kegg/). The R package pheatmap was used to plot the heat 
map of hormone pathway-related gene expression in WT plants, null 
mutants and promoter editing plants.

RNA extraction and RT–qPCR
For OsGBSS1 and OsGS3, the panicles of promoter editing plants at 7 d 
post flowering were collected. For OsD2, OsD11 and OsD18, aboveground 
tissues of 80-d-old promoter editing plants were collected. For OsD18 
promoter editing lines with single sgRNA or crRNA, the resistant cal-
lus was collected. RNA extraction and RT–qPCR were carried out as 
described previously84,85. Briefly, total RNA was extracted using TRIzol 
universal reagent (Tiangen), treated with DNase I and then used for 
complementary DNA synthesis. Reverse transcription was carried out 
using HiScript III RT SuperMix for qPCR (Vazyme) and RT–qPCR was per-
formed with ChamQ universal SYBR qPCR master mix (Vazyme) accord-
ing to the manufacturer’s instructions. Actin mRNA was used as an 
internal control. The relative levels of gene expression were calculated 
using the 2−ΔΔCt method. Three biological replicates (three independent 
mutant seedlings) were examined to ensure reproducibility. The experi-
ments were performed three times independently with similar results.

Grain amylose content and gel consistency measurements
After plant maturation, the seeds were harvested, dried and stored at 
room temperature. To determine the amylose content and gel consist-
ency of the flours and starches of milled rice, all tests were performed 
in triplicate. The total starch, amylose content and gel consistency 
were analysed by Shanghai SANSHU Biotechnologies Co. Ltd, which 
specializes in plant testing services86. For statistical analysis, data were 
subjected to a Duncan test analysis using the IBM SPSS Statistics 20.0 
software program. Results with a probability value of P < 0.05 were 
considered statistically significant.

Iodine staining of endosperm
The hull of rice seeds was removed to observe the external appearance 
of the grains. The grains were cut through the centre to expose the 
endosperm. Iodine reagent (0.2%) was dropped on the endosperm 
surface and photographs were taken after 3–5 min (ref. 87).

Gibberellin content measurement
Whole 80-d-old T2 mutants and WT plants (aboveground tissues) 
grown in the experimental paddy field were collected. Three independ-
ent plants from each condition were chosen for gibberellin measure-
ments. The gibberellin content was determined by high-resolution 
liquid chromatography and high-resolution mass spectrometry at 
Shanghai SANSHU Biotechnologies Co. Ltd.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Sequence conservation data were downloaded from PlantRegMap. 
The TF binding motif datasets were downloaded from JASPAR (2020 
Core Plants collections). Genetic variations and phenotype data of rice 
were downloaded from MBKbase. The rice reference genome (MSU/
Tigr7) was downloaded from the Rice Genome Annotation Project. The 
tomato reference genome (SL4.0) was downloaded from the Solanaceae 
Genomics Network. The maize reference genome (AGPv4) was down-
loaded from MaizeGDB. Public open chromatin and histone modifica-
tion datasets were retrieved from the NCBI under the accession numbers 
GSE26610 and GSM2084219 for rice, GSE164297 and PRJNA381300 for 
tomato, and PRJNA599454 and PRJNA417726 for maize.
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Code availability
The instructions of feature data processing and the complete pipeline 
of CAPE for calculating aggregate scores and detecting KRs have been 
deposited to GitHub (https://github.com/zhangtaolab/CAPE).
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