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Tuning plant phenotypes by precise, graded 
downregulation of gene expression

Chenxiao Xue1,2, Fengti Qiu1, Yuxiang Wang1,2, Boshu Li1,2, 
Kevin Tianmeng Zhao    3, Kunling Chen1 & Caixia Gao    1,2 

The ability to control gene expression and generate quantitative phenotypic 
changes is essential for breeding new and desired traits into crops. Here we 
report an efficient, facile method for downregulating gene expression to 
predictable, desired levels by engineering upstream open reading frames 
(uORFs). We used base editing or prime editing to generate de novo uORFs or 
to extend existing uORFs by mutating their stop codons. By combining these 
approaches, we generated a suite of uORFs that incrementally downregulate 
the translation of primary open reading frames (pORFs) to 2.5–84.9% of 
the wild-type level. By editing the 5′ untranslated region of OsDLT, which 
encodes a member of the GRAS family and is involved in the brassinosteroid 
transduction pathway, we obtained, as predicted, a series of rice plants with 
varied plant heights and tiller numbers. These methods offer an efficient way 
to obtain genome-edited plants with graded expression of traits.

Variable gene expression can generate diverse plant phenotypes. 
The ability to fine-tune gene expression levels is, therefore, critical 
for improving crop traits while balancing complex tradeoffs caused 
by gene pleiotrophy1,2. Substantial efforts have been made to regu-
late gene expression. Widely used genetic tools, such as CRISPR–Cas3, 
CRISPR interference (CRISPRi)4 and RNA interference (RNAi)5, generally 
result in a unique change of gene expression level that ranges from a 
given level of downregulation to complete absence6. Genome editing 
of promotors can produce a wide range of gene expression levels, thus 
generating quantitative phenotypic changes for breeding purposes2,7,8 
and offering a ground-breaking method for regulating gene expression 
at the transcriptional level. The use of base editors to mutate splice sites 
provides an effective approach for manipulating pre-mRNA splicing9,10. 
Upstream open reading frames (uORFs) are short protein-coding ele-
ments located in the 5′ untranslated regions (UTRs) of primary open 
reading frames (pORFs)11 and are common in the mRNAs of eukary-
otes12–14. In plants, 24–30% of coding mRNAs contain uORFs in their 
5′ UTRs12,14. The presence of uORFs is associated with reduced mRNA 
translation13. Bioinformatics resources, such as uORFSCAN15, uOR-
Flight (http://uorflight.whu.edu.cn)16 and PsORF (http://psorf.whu.
edu.cn/)17, have been used to search for uORFs in plants. Many fac-
tors have been reported to impact the inhibitory effects of uORFs18–22.  

In 2018, it was shown that knocking out endogenous uORFs is an effi-
cient and tunable method for upregulating protein expression23–25. 
However, very few methods are available for fine-downregulating 
endogenous gene expression on the translational level in plants. Here 
we describe a simple, predictable and universal method for incremen-
tally downregulating protein expression using precision genome edit-
ing to generate uORFs with different inhibitory activities, thus enlarging 
the toolbox for manipulating gene translation in plants.

Results
Repressing protein expression by generating de novo uORFs
Because we had previously reported that disrupting uORFs could 
upregulate protein expression23–25, we hypothesized that introduc-
ing de novo uORFs might downregulate protein expression (Fig. 1a). 
To test this, we selected two genes, AtABI1 and OsBRI1, and introduced 
ATG start codons into their 5′ UTRs to generate uORFs encoding at 
least two amino acids (Extended Data Fig. 1a). To assess the effects of 
these uORFs, 5′ UTRs with or without the corresponding uORFs were 
cloned upstream of the firefly luciferase (LUC) coding region in the 
dual-luciferase reporter system. The resulting constructs also harbored 
a cassette expressing Renilla reniformis luciferase (REN) as an inter-
nal vector control (Extended Data Fig. 1b). Constructs for each gene 
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introducing ATG triplets 99 bp and 120 bp upstream of the pORF, gen-
erating CT-to-TG and C-to-G mutations, respectively (Extended Data 
Fig. 1a). We constructed vectors comprising an CDS of OsBRI1-Flag 
fusion with the wild-type (WT) 5′ UTR or one of the two 5′ UTR mutants. 
Western blotting (Fig. 1c and Source Data) and quantitative RT–PCR 
assays (Fig. 1d) revealed that the newly introduced uORFs inhibited 
OsBRI1-Flag production to the same extents as was measured by the 
dual-luciferase reporter system, without any effect on mRNA levels.

To test whether an introduced uORF could reduce endogenous 
protein expression in rice, we used prime editing to obtain mutants 
carrying uORFOsBRI1(−99, 28 aa) and uORFOsBRI1(−120, 35 aa) in the 5′ UTR  

were introduced into rice protoplasts, and then LUC activity relative 
to REN (LUC/REN) and LUC/REN mRNA levels were determined. The  
5′ UTRs with newly introduced uORFs were found to reduce the LUC/REN 
activity ratios to 38.7–78.0% of the original value (Fig. 1b). Quantitative 
RT–PCR assays revealed that the levels of mRNA transcribed from the 
various constructs did not differ considerably (Extended Data Fig. 1c).

We next used OsBRI1 as target26 to see whether newly introduced 
uORFs retained their inhibitory activity on translation of the OsBRI1 
primary coding sequence (CDS). We created uORFOsBRI1(−99, 28 aa) 
(the uORF starts at position −99 relative to the OsBRI1 pORF start 
codon and is 28 amino acids (aa) long) and uORFOsBRI1(−120, 35 aa) by 
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Fig. 1 | Introduced uORFs repress protein expression in protoplasts and 
plants. a, Schematic diagram of uORFs introduced to repress gene expression.  
b, Effects of artificial insertion of uORFs on LUC/REN activity ratios (n = 3). 
c, Effects of de novo uORFs on OsBRI1-Flag levels in protoplasts. d, Effects 
of expression of OsBRI1-Flag on RNA levels in protoplasts (n = 3). e, A T0 
homozygous mutant of OsBRI1 carrying uORFOsBRI1(−99, 28 aa). The target 
sequence is underlined. The PAM is in black and bold. The mutant base is in red 
and bold. f,g, Expression of OsBRI1 at the protein (f) and RNA (g) (n = 3) level in 
flag leaves of WT and the T1 progenies from the mutant uORF. h, BR sensitivity 
of WT and the T1 progenies from the uORFOsBRI(−99, 28 aa)#14 assayed by the 
lamina joint inclination method. Images were taken 72 hours after immersion in 
water or 10−6 M epi-brassinolide (BL) solution. Scale bar, 1 cm. i, Statistical data 

for lamina joint bending angles as described in h (n = 6 biologically independent 
samples). j, Grass morphology of WT and T1 progenies of the mutant uORF during 
the pustulation period. Scale bar, 25 cm. k,l, Plant heights (k) and tiller numbers 
(l) of WT and the T1 mutant progenies during the pustulation period (n = 30 
biologically independent samples). In the dual-luciferase reporter system,  
a construct with the WT 5′ UTR was used as control, and the data were normalized 
to the average LUC/REN activity ratio of the control (n = 3). OsActin was used 
as loading control and as internal control in the immunoblot and quantitative 
RT–PCR assays. The angles of lamina joint were measured using ImageJ software. 
All data are presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 by two-tailed Studentʼs t-test.
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of OsBRI1. Using prime editing, we generated three prime editing 
guide RNAs (pegRNAs) (Supplementary Table 7) targeting each site. 
By next-generation sequencing, we found that OsBRI1-T4 pegRNA, used 
together with the plant prime editor (PPE2)27, was the most effective 
in introducing uORFOsBRI1(−99, 28 aa) (Extended Data Fig. 2a). Using 
a pH-ePPE binary vector harboring the corresponding engineered 
pegRNA (epegRNA)28,29 (Extended Data Fig. 2b), we obtained 17 rice 
mutants with CT-to-TG mutations in uORFOsBRI1(−99, 28 aa) (Extended 
Data Fig. 2c and Supplementary Table 1).

OsBRI1 encodes a receptor for the phytohormone brassinosteroid 
(BR) in rice26. The T1 progenies from a T0 homozygous mutant uOR-
FOsBRI1(−99, 28 aa)#14 were used for further phenotypic experiments 
(Fig. 1e and Supplementary Table 5). As expected, the level of OsBRI1 
protein in the progenies of uORFOsBRI1(−99, 28 aa)#14 was reduced 
to the same extends as was seen in the transient expression system 
(Fig. 1f and Source Data), but the mRNA level of OsBRI1 did not differ 
between WT and mutants (Fig. 1g). Lamina joint inclination assays 
showed that the lamina joint bending angles of the T1 progenies from 
the uORFOsBRI1(−99, 28 aa)#14 were smaller than those of WT plants, 
indicating that the mutants were less sensitive to BR (Fig. 1h,i). The T1 
progenies from the uORFOsBRI1(−99, 28 aa)#14 also had compact stat-
ures, but their heights and tiller numbers were similar to WT (Fig. 1j–l).  
This phenotype is consistent with that of the previously reported 
OsBRI1 knockdown mutants generated by RNAi in which expression 
of OsBRI1 was inhibited to nearly 70% (ref. 30) (which is similar to the 
extent of downregulation of OsBRI1 in the T1 progenies from the uOR-
FOsBRI1(−99, 28 aa)#14 as demonstrated in the transient assay (Fig. 1b,c)). 
These results confirm that introducing new uORFs can inhibit mRNA 
translation quantitatively in plants.

Reducing protein expression by extending an endogenous 
uORF
uORF size and intercistronic length have both been reported to impact 
the inhibitory ability of uORFs20,21. We used a strategy to extend existing 
uORFs involving mutating the stop codons of the original uORFs to 
lengthen the uORF coding sequences while simultaneously shorten-
ing the intercistronic distance (Fig. 2a). The 5′ UTRs of AtABI1, AtPYR1, 
AtBRI1, OsGW7, OsDLT and OsCKX2 were chosen to evaluate the effect of 
this approach (Extended Data Fig. 3a). Dual-luciferase assays (Extended 
Data Fig. 3b) showed that extending a uORF enhanced its inhibitory 
activity and reduced the LUC/REN activity ratio to 9.5–86.9% of its 
original level (Fig. 2b) but had no effect on the LUC/REN mRNA ratio 
(Extended Data Fig. 4). These results indicate that the inhibitory effects 
of uORFs can be exploited to reduce gene expression.

We selected OsDLT as a target to further evaluate whether uOR-
FOsDLT(−589, 56 aa) retained its inhibitory activity when combined with 
the OsDLT primary CDS. We created uORFOsDLT(−589, 56 aa) by artifi-
cially mutating two putative stop codons through A-to-G mutations 
at positions −580 and −571 relative to the pORF start codon in the  
5′ UTR of OsDLT, thus extending the original 3-aa uORF to 56 amino 
acids (Extended Data Fig. 3a). When we used an OsDLT-Flag expression 
cassette together with the WT or mutant OsDLT 5′ UTR, western blot-
ting (Fig. 2c and Source Data) and quantitative RT–PCR (Fig. 2d) assays 
revealed that uORFOsDLT(−589, 56 aa) inhibited OsDLT-Flag production 
to a level similar to that seen in the dual-luciferase assay while not 
affecting mRNA levels. We designed three single guide RNAs (sgRNAs) 
(Supplementary Table 6) targeting each of the two stop codons and 
used an evolved adenine base editor (ABE8e)31 to generate the desired 
A-to-G mutations and obtain rice mutants carrying the uORFOsDLT(−589, 
56 aa) in the endogenous gene. Next-generation sequencing showed 
that OsDLT-m1-1-T1 and OsDLT-m1-2-T1 sgRNAs had the highest editing 
efficiencies (Extended Data Fig. 5a), so we used a pH-ABE8e-spG vec-
tor31,32 (Extended Data Fig. 5b and Supplementary Sequences) and these 
two sgRNAs and obtained 78 rice mutants carrying uORFOsDLT(−589, 
56 aa) (Extended Data Fig. 5c and Supplementary Table 2).

OsDLT encodes a plant-specific GRAS family member and is 
involved in the BR transduction pathway in rice33,34. We tested the BR 
sensitivity of WT and the T1 progenies of the uORFOsDLT(−589, 56 aa)#8 
(Fig. 2e and Supplementary Table 5) using the lamina joint inclina-
tion assay. The lamina joint bending angles of the T1 progenies of the 
mutant uORF were smaller than those of WT plants (Fig. 2f,g), whereas 
the levels of OsDLT transcripts were similar (Fig. 2h). The T1 progenies 
from the mutant uORF had compact statures (Fig. 2i), and their heights 
and tiller numbers were much lower than those of WT plants (Fig. 2j,k). 
Because the phenotype of the T1 progenies from the mutant uORF was 
consistent with that of OsDLT loss-of-function mutants33, we conclude 
that its phenotype is due to reduced translation level of the OsDLT 
mRNA. These results indicate that manipulating the inhibitory activity 
of uORFs can control gene expression in plants.

Graded downregulation of protein expression
Based on the strategies described above, we thought that generat-
ing uORFs with different inhibitory activities in the 5′ UTR of a gene 
might allow us to control the extent of downregulation of a gene prod-
uct. We selected OsTB1, OsTCP19 and OsDLT to test this expectation. 
Because there was no existing uORF in the 5′ UTR of OsTB1, we chose 
to insert separately four de novo uORFs (uORFOsTB1(−293, 10 aa), uOR-
FOsTB1(−58, 4 aa), uORFOsTB1(−176, 30 aa) and uORFOsTB1(−75, 23 aa)) (Fig. 3a  
and Extended Data Fig. 6). The dual-luciferase assay showed that 
uORFOsTB1(−58, 4 aa), uORFOsTB1(−176, 30 aa) and uORFOsTB1(−75, 23 aa) 
reduced LUC/REN activity incrementally to 47.9%, 37.9% and 31.9%, 
respectively, whereas uORFOsTB1(−293, 10 aa) had almost no effect on 
LUC protein levels (Fig. 3a). Quantitative RT–PCR assays showed that 
most of these newly created uORFs had no effect on LUC/REN mRNA 
ratios (Fig. 3a). The 5′ UTR of OsTCP19 containing a uORF encoding two 
amino acids was located 17 bp upstream of the pORF. We generated four 
additional uORFs by inserting three new uORFs (uORFOsTCP19(−44, 11 aa), 
uORFOsTCP19(−52, 213 aa) and uORFOsTCP19(−173, 18 aa)) or extending the 
original uORF to encode 91 amino acids (uORFOsTCP19(−17, 91 aa)) (Fig. 3b  
and Extended Data Fig. 6). These uORFs reduced LUC/REN activity 
progressively by 97.7%, 83.5%, 52.8% and 22.6% but had no effect on 
LUC/REN mRNA levels (Fig. 3b). Thus, we were able to induce incre-
mental inhibition of gene expression by generating a series of uORFs, 
demonstrating that such a series of uORF variants can produce specific 
and subtle changes of gene expression level and of the corresponding 
quantitative traits.

Because OsDLT is a pleiotropic gene influencing multiple agro-
nomic traits, including plant height, leaf angle, tiller number and grain 
shape35, the ability to fine-tune OsDLT levels by genome editing should 
facilitate crop improvements. Besides WT-uORFOsDLT(−589, 3 aa), there 
is another uORF (WT-uORFOsDLT(−540, 32 aa)) in the 5′ UTR of OsDLT. We 
generated six uORFs by introducing five further uORFs (uORFOsDLT(−514, 
31 aa), uORFOsDLT(−402, 27 aa), uORFOsDLT(−220, 22 aa), uORFOsDLT(−141, 
42 aa) and uORFOsDLT(−105, 30 aa)) or extending the original uORF 
(uORFOsDLT(−540, 73 aa)) (Fig. 3c and Extended Data Fig. 6). These uORFs 
reduced LUC/REN activity progressively to 84.9%, 73.5%, 47.2%, 3.8%, 
2.5% and 21.9% of its starting value but had no effect on LUC/REN mRNA 
levels (Fig. 3c). To generate these uORFs in the endogenous 5′ UTR of 
OsDLT, we designed a suite of sgRNAs (Supplementary Table 6) and 
pegRNAs (Supplementary Table 7) to be used in conjunction with 
ABE8e and PPE2, respectively. We introduced each editing construct 
into rice protoplasts and measured its editing efficiency. The OsDLT-T15 
pegRNA targeting uORFOsDLT(−402, 27 aa), OsDLT-m2-T4 sgRNA target-
ing uORFOsDLT(−540, 73 aa), OsDLT-T7 pegRNA targeting uORFOsDLT(−141, 
42 aa) and OsDLT-T11 pegRNA targeting uORFOsDLT(−105, 30 aa) had 
relatively high editing efficiencies (Extended Data Fig. 7a,b), so these 
modified alleles were chosen for further study. Expression vectors with 
the relevant 5′ UTRs of OsDLT cloned upstream of a OsDLT-Flag CDS 
were used to confirm the inhibitory effects of the four mutated uORFs. 
Western blotting showed that all four uORFs reduced OsDLT-Flag levels 
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(Fig. 3d and Source Data) and that the quantitative effects were con-
sistent with those obtained using the dual-luciferase reporter system 
(Fig. 3c), whereas mRNA levels were not affected (Fig. 3e). We then 
constructed PE (pH-ePPE-epegRNA) (Extended Data Fig. 2b) and ABE 
(pH-ABE8e) binary vectors (Extended Data Fig. 7c and Supplementary 
Sequences) harboring the corresponding epegRNAs or sgRNAs and 
introduced these vectors into rice calli by Agrobacterium-mediated 
transformations. Plants regenerated from resistant calli were exam-
ined by Sanger sequencing to obtain mutants carrying each of the 

four uORFs in the OsDLT 5′ UTR region (Extended Data Fig. 8 and Sup-
plementary Tables 3 and 4), and the T1 progenies of homozygotes 
harboring these mutant uORFs were used in further experiments  
(Fig. 3f and Supplementary Table 5).

We first evaluated the BR sensitivity of these T1 progenies. Their 
lamina joint angles were found to decline to varying extents as expected 
from the corresponding reductions of OsDLT levels (Fig. 4a,b), 
whereas the levels of OsDLT transcripts in these edited plants were 
similar to that of WT plants (Fig. 4c). The statures of the mutants were 
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Fig. 2 | Extending original uORFs by base editing reduces protein expression 
in protoplasts and plants. a, Schematic representation of procedure for 
extending a uORF by mutating its stop codon. b, The effect of the extended 
uORF on LUC/REN activity (n = 3). c, The effect of extending the uORF on 
production of OsDLT-Flag in protoplasts. d, Expression of OsDLT-Flag at the 
RNA level in protoplasts (n = 3). e, The homozygous T0 mutant of OsDLT carrying 
uORFOsDLT(−589, 56 aa). The target sequence is underlined. The PAM is black 
and bold. The red and bold represents the mutant bases targeted by sgRNA 1, 
and the blue and bold represents the mutant bases targeted by sgRNA 2. f, BR 
sensitivity of WT and T1 progenies from the mutant uORF assayed by the lamina 
joint inclination method. Images were taken 48 hours after immersion in water or 
10−6 M BL solution. Scale bar, 1 cm. g, Statistical data for the lamina joint bending 

angles in f (n = 8 biologically independent samples). h, Expression of OsDLT in WT 
and T1 progenies from the mutant uORF at the RNA level in 4-day-old seedlings 
(n = 3). i, Grass morphology of WT and T1 progenies from the mutant uORF during 
the flowering period. Scale bar, 25 cm. j,k, Plant heights (j) and tiller numbers (k) 
of WT and the T1 progenies of the mutant uORF during the pustulation period 
(n = 10 biologically independent samples). In the dual-luciferase reporter system, 
a construct with the WT 5′ UTR was used as control, and the data were normalized 
to the average LUC/REN activity of the control (n = 3). The angles of lamina joints 
were measured using ImageJ software. OsActin was used as loading control and 
internal control in the immunoblot and quantitative RT–PCR assays. All data are 
presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 by 
two-tailed Studentʼs t-test.
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Fig. 3 | Producing uORFs with diverse inhibitory activities to downregulate 
protein expression in a graded fashion. a–c, Schematic representation of the 
uORFs generated in the 5′ UTRs of OsTB1 (a), OsTCP19 (b) and OsDLT (c) (left) and 
the effects of these uORFs on LUC/REN activity (middle) and RNA levels (right) 
in dual-luciferase assays (n = 3). The orange square represents the endogenous 
uORF; the red square represents the newly created uORF; and the blue square 
represents the pORF. d,e, Effects of different forms of uORF on OsDLT-Flag (d) 
and OsDLT-Flag mRNA (e) (n = 3) levels. OsActin was used as loading control and 

internal control in the immunoblot and quantitative RT–PCR assays. f, The T0 
homozygous mutants of OsDLT carrying uORFOsDLT(−402, 27 aa), uORFOsDLT(−540, 
73 aa), uORFOsDLT(−141, 42 aa) and uORFOsDLT(−105, 30 aa). The target sequence 
is underlined. The PAM is black and bold. The mutant base is red and bold. In 
the dual-luciferase reporter system, a construct with the WT 5′ UTR was used as 
control, and the data were normalized to the average LUC/REN activity and mRNA 
levels of the control (n = 3). All data are presented as mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001 and ****P < 0.0001 by two-tailed Studentʼs t-test.
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also progressively more compact and shorter at the flowering stage  
(Fig. 4d). Furthermore, statistical analyses confirmed that the plant 
heights and tiller numbers of the mutants at the dough stage decreased 
progressively (Fig. 4e,f). Because OsDLT transcript levels were all similar 
(Fig. 4c), we conclude that different efficiences of translation of OsDLT 
transcripts were responsible for the phenotypic differences between 
the mutants, which also were consistent with the corresponding reduc-
tions in OsDLT levels seen in the transient reporter system (Fig. 3c,d). 
These findings highlight our ability to quantitatively and incrementally 
manipulate mRNA translation by creating uORFs with different inhibi-
tory activities without affecting mRNA transcription.

Discussion
The ability to generate quantitative changes of gene expression is 
very important for obtaining new phenotypes. Over the years, our 
laboratory has reported that eliminating uORFs by genome editing 
can upregulate mRNA translation and so provide an efficient method 

for stimulating gene expression23–25. In this study, we demonstrate the 
use of base editing and prime editing to generate sets of short uORFs 
in the 5′ UTRs of coding genes to achieve the converse effect—that 
is, to quantitatively downregulate endogenous gene expression. By 
analyzing the 5′ UTR of genes with website tools15–17, it is possible to 
identify those genes without uORFs in their 5′ UTR. One can then gen-
erate several de novo uORFs upstream of these genes by mutating or 
inserting 1–3 bases to create upstream ATGs. For genes with their own 
uORFs, one can extend the original uORF or generate additional uORFs. 
Using transient reporter systems, such as the dual-luciferase assay, 
one then can identify uORFs with the desired inhibitory effects and 
obtain mutants carrying these uORFs by base editing or prime editing.

Many factors have been reported to influence the inhibitory abili-
ties of uORFs18–22, so it is difficult to predict the effect of the uORFs on 
pORFs translation and the phenotypes. In this study, we highlight the 
fact that the variable extents of phenotypic changes observed in the 
edited plants reflect the changes in pORF expression measured using 
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in lamina inclination experiments. Images were taken 48 hours after immersion 
in water or 10−6 M BL solution. Scale bar, 1 cm. b, Statistical data for the lamina 
joint bending angles in a (n = 8 biologically independent samples). c, Expression 
of OsDLT at the RNA level in WT and the T1 progenies from the mutant uORFs 
in 4-day-old seedlings (n = 3). OsActin was used as internal control. d, Grass 
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30 aa)#3)). The angles of lamina joints were measured using ImageJ software. 
The data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 by 
two-tailed Studentʼs t-test.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-023-01707-w

a simple transient reporter system. Therefore, we conclude that the 
transient luciferase reporter system can rapidly and reliably predict the 
phenotypes of uORF mutants and their effects on gene expression in 
genome-edited plants. Moreover, transgene-free lines with the desired 
quantitative trait levels are readily obtained (Extended Data Fig. 9, Sup-
plementary Table 5 and Source Data) and should expedite crop improve-
ment. Notably, downregulating gene expression through manipulating 
or introducing new uORFs had no effect on mRNA transcription levels, 
in agreement with previous findings23,24. We think that the ability to use 
precision genome editing to edit uORFs in the 5′ UTRs of coding genes 
in plants represents an exciting and widely applicable approach to 
generating quantitative changes in gene expression in crop breeding.
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Methods
Plasmid construction
To construct plasmids used in the dual-luciferase assay, constructs 
containing the 35S promotor fused with artificially designed sequences 
with BsaI restriction enzyme sites were synthesized commercially 
(GenScript) (Supplementary Sequences). They were cloned into 
pGreenII0800-LUC vector36 digested with HindIII and NcoI to con-
struct pGreen-1562 vector. The WT and mutated 5′ UTRs of each gene 
were amplified by PCR and then cloned into the pGreen-1562 vector 
backbone between BsaI restriction enzyme sites. To construct a vector 
for pH-ABE8e, TadA8e was amplified from PABE8 (ref. 28) and cloned 
into pH-PABE7-sgRNA37. For pH-ABE8e-spG, spG was amplified from 
ePPE-SpG28 and used to replace part of Cas9 in pH-ABE8e. To construct 
a vector for pH-ePPE-epegRNA, the artificially designed sequence 
containing two BsaI restriction enzyme sites and the tevopreQ1 were 
synthesized commercially and replaced the sequence between BsaI 
and HindIII restriction enzyme sites in pH-ePPE28. To construct the 
sgRNA expression vectors, primers containing the target spacer were 
annealed and then cloned into the OsU3-sgRNA vector digested with 
BsaI. The dual sgRNA expression cassette in pH-ABE8e-spG was con-
structed as previously reported37. To construct the pegRNA expression 
vectors, using OsU3-sgRNA plasmid as template, pegRNAs are ampli-
fied using primers containing the target spacer in the forward primer 
and the PBS + RT sequences in the reverse primer and cloned into the 
OsU3-sgRNA vector digested with BsaI and HindIII38,39. epegRNAs were 
amplified using primers carrying the target spacer in the forward 
primer and the PBS + RT sequences in the reverse primer and cloned 
into pH-ePPE-epegRNA digested with BsaI. PCR was performed using 
TransStart FastPfu DNA Polymerase (TransGen Biotech). A One-Step 
Cloning Kit (Nanjing Vazyme Biotech) was used for vector cloning. 
Primers used in this study are listed in Supplementary Table 8.

Protoplast transfection
The Japonica rice variety Zhonghua 11 and Arabidopsis Columbia 
were used to generate protoplasts. About 14-day-old rice or Arabi-
dopsis seedlings cultured at 27 °C or 24 °C on MS medium with a 
16-hour light/8-hour dark cycle were used for protoplast isolation. 
For rice protoplasts, health and fresh rice sheath were cut into fine 
strips and digested in the enzyme solution (1.5% Cellulase R-10, 0.75% 
Macerozyme R-10, 0.8 M mannitol, 10 mM MES at pH 5.7, 10 mM CaCl2 
and 0.1% BSA), followed by vacuum infiltration for 30 minutes in 
the dark using a vacuum pump at approximtely −15 to −20 (in Hg). 
After a 5–6-hour digestion with gentle shaking (60–80 r.p.m.), pro-
toplasts were released by filtering through 40-μm nylon meshes into 
round-bottom tubes. The pellets were collected by centrifugation at 
250g for 3 minutes. After washing with W5 solution (154 mM NaCl, 
125 mM CaCl2, 5 mM KCl and 2 mM MES at pH 5.7), the pellets were 
then resuspended in MMG solution (0.4 M mannitol, 15 mM MgCl2 
and 4 mM MES at pH 5.7). The protoplast transformation was carried 
out in PEG solution (40% (w/v) PEG 4000, 0.2 M mannitol and 0.1 M 
CaCl2). The transformation system (plasmid DNA mixed with 200 μl 
of protoplasts in 220 μl of PEG solution) was gently mixed. After 
20-minute incubation at room temperature in the dark, protoplast 
cells were harvested and washed by 880 μl of W5 solution. The cells 
were centrifuged and then resuspended in 1 ml of WI solution (0.5 M 
mannitol, 20 mM KCl and 4 mM MES at pH 5.7) and cultured under 
dark at room temperature for 48 hours (refs. 40,41). The isolation and 
transfection of Arabidopsis protoplasts is following the protocol 
reported previously42. Plasmids used for protoplasts transformation 
were extracted with a Wizard Plus Midipreps DNA Purification System 
(Promega). Then, 5 µg of plasmid DNA was used for PEG-mediated 
transfections, and 3 µg was used for western blotting. After incuba-
tion, protoplasts were collected for DNA, RNA or protein extraction, 
and the LUC/REN activity was measured using the Dual-Luciferase 
Reporter Assay System (Promega).

Protein extraction and protein gel blot analysis
Protein was extracted from protoplasts with extraction buffer contain-
ing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP40, 4 M urea and 1 mM 
PMSF. Gel blot analysis was performed with anti-Flag (1:3,000 dilution), 
anti-BRI1 (1:2,000 dilution) or anti-OsActin antibody (1:5,000 dilution). 
The secondary antibody was goat anti-mouse antibody conjugated to 
horseradish peroxidase (1:10,000 dilution), and reaction signals were 
visualized by enhanced chemiluminescence (Millipore). The gray levels 
of each band were calculated using the ImageJ tool. Gray ratios were 
normalized to the construct with WT 5′ UTR.

DNA extraction
The genomic DNA of protoplasts and leaves was extracted with a DNA 
Quick Plant System (Tiangen Biotech) and quantified with a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific).

Amplicon deep sequencing and data analysis
Specific primers with 5′ barcodes were designed to amplify the targeted 
sequences. Amplicons were purified with EasyPure PCR Purification 
Kits (TransGen Biotech) and quantified with a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). Equal amounts of PCR 
product were pooled and sequenced commercially (Novogene) using 
the NovaSeq platform. For all prime editing yield quantification, prime 
editing efficiency was calculated as follows: percentage (number of 
reads with the desired edit) / (number of total reads)28. For all base 
editing yield quantification, base editing efficiency was calculated as 
follows: percentage (number of reads with A-to-G substitutions at the 
expected sites) / (number of total reads)28. Amplicon sequencing was 
repeated at least two times for each target site using genomic DNA 
extracted from at least two independent protoplast samples. Primers 
are listed in Supplementary Table 8.

Agrobacterium-mediated transformation of rice callus cells
Binary plasmids pH-ePPE-epegRNA, pH-ABE8e-SpG and pH-ABE8e 
containing sgRNAs or epegRNAs were introduced into Agrobacterium 
tumefaciens strain AGL1 by electroporation (400 ng per transforma-
tion). Agrobacterium-mediated transformation of callus cells of the 
Japonica rice variety Kitaake was conducted according to Hiei et al.43. 
Hygromycin (50 μg ml−1) was used to select transgenic plants.

Mutant identification by Sanger sequencing
Plants regenerated from rice calluses were examined individually. At 
least two leaves of each plant were used for genomic DNA extraction. 
Target sequences were amplified with 2× Rapid Taq Master Mix (Nan-
jing Vazyme Biotech). Sanger sequencing was used to detect mutants.

RNA preparation and quantitative real-time PCR
Total RNA was extracted from protoplasts or plant samples with a 
Takara MiniBEST Plant RNA Extraction Kit. Reverse transcription was 
performed using M-MLV Reverse Transcriptase (Promega). Subse-
quently, quantitative real-time PCR was performed using a ChamQ 
Universal SYBR qPCR Master Mix (Nanjing Vazyme Biotech). The prim-
ers used are listed in Supplementary Table 8.

Lamina joint inclination assay
Next, 2-cm segments containing the second leaf lamina joint, leaf 
blade and leaf sheath were excised from 8-day-old rice seedlings. The 
excised samples were floated on sterile water for 10 minutes and then 
transferred to BL solution or sterile water. After incubation for 48 hours 
or 72 hours at 28 °C, lamina joint angles were measured with ImageJ 
software (https://imagej.nih.gov/ij/).

Statistical analysis
GraphPad Prism 8 and Microsoft Excel 2016 software were used to 
analyze the data. All numerical values are presented as mean ± s.e.m. 
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Differences between control and treatments were tested by two-tailed 
Studentʼs t-test.

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

Data availability
All data supporting the findings of this study are available in the arti-
cle, extended data figures and supplementary information or are 
available from the corresponding author upon reasonable request. 
Sequence data are present in The Arabidopsis Information Resource 
(https://seqviewer.arabidopsis.org/) or Phytozome databases (https://
phytozome-next.jgi.doe.gov/) under the following accession num-
bers: AtABI1 (AT4G26080), AtPYR1 (AT4G17870), AtBRI1 (AT4G39400), 
OsBRI1 (LOC_Os01g52050), OsGW7 (LOC_Os07g41200), OsDLT (LOC_
Os06g03710), OsCKX2 (LOC_Os01g10110), OsTCP19 (LOC_Os06g12230) 
and OsTB1 (LOC_Os03g49880). The deep sequencing data have been 
deposited in a National Center for Biotechnology Information BioPro-
ject database (accession code PRJNA931443)44. Plasmids for pH-ABE8e 
and pH-ABE8e-spG will be made available through Addgene. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Creating uORFs in 5′ UTRs. (a) 5′ UTR and part of CDS 
of AtABI1 and OsBRI1. Lowercase is the non-uORF sequence in 5′ UTR; black 
uppercase is the sequence of uORF; gold uppercase is the sequence of pORF; 
red bold base is the upstream ATG (uATG) sites to be created. (b) Schematic 

diagram of the dual-luciferase reporter system with or without de novo ATG in 
5′ UTR upstream the CDS of LUC. (c) RNA expression of LUC relative to REN in 
protoplasts. The data were normalized to control (n = 3). All data are presented as 
mean ± s.e.m. *P < 0.05 by two-tailed Student’s t-test.
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Extended Data Fig. 2 | Genotypes of prime-edited rice mutants carrying 
uORFOsBRI1(−99, 28aa). (a) Editing efficiencies of pegRNAs with PPE2 used to 
generate uORFOsBRI1(−120, 35aa) or uORFOsBRI1(−99, 28aa) at the endogenous  
5′ UTR of OsBRI1 in protoplasts (n = 2). (b) Schematic representation of the 

pH-ePPE-epegRNA vector. The black arrows indicate three pairs of primers used 
to detect transgene-free mutants. (c) Sanger sequencing chromatograms of 
representative prime-edited mutants carrying uORFOsBRI1(−99, 28aa). Red arrows 
represent the desired edits.
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Extended Data Fig. 3 | Extending uORFs in 5′ UTRs. (a) 5′ UTR and part of the 
CDS of AtABI1, AtPYR1, AtBRI1, OsDLT, OsCKX2 and OsGW7. Lowercase is the 
non-uORF sequence in 5′ UTR; underlined uppercase is the CDS of uORF; gold 

uppercase is the CDS of pORF; red bold base is the stop codons to be mutated. 
(b) Schematic diagram of the dual-luciferase reporter system with original or 
extended uORF in 5′ UTR upstream the CDS of LUC.
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Extended Data Fig. 4 | Effects of extended uORFs on LUC/REN mRNA levels in dual-luciferase assay. RNA expression of LUC relative to REN in protoplasts. The data 
were normalized to control (n = 3). All data are presented as mean ± s.e.m. *P < 0.05 by two-tailed Student’s t-test.
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Extended Data Fig. 5 | Genotypes of base-edited rice mutants containing 
uORFOsDLT(−589, 56aa). (a) Editing efficiencies of sgRNAs with ABE8e to 
generating uORFOsDLT(−589, 56aa) at the endogenous 5′ UTR of OsDLT in 
protoplasts (n = 3). All data are presented as mean ± s.e.m. (b) Schematic 

representation of the pH-ABE8e-spG vector. (c) Sanger sequencing 
chromatograms of representative base-edited mutants containing 
uORFOsDLT(−589, 56aa). Red arrows indicate the desired edits.
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Extended Data Fig. 6 | 5′ UTR and part of the CDS of OsDLT, OsTCP19 and OsTB1. Lowercase is non-uORF sequence in 5’ UTR; underlined uppercase is the CDS of 
uORF; gold uppercase is the CDS of pORF; red bold base is the uATG site to be created or stop codon to be mutated.
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Extended Data Fig. 7 | Editing efficiencies of pegRNAs and sgRNAs used to 
generate uORFOsDLT(−402, 27aa), uORFOsDLT(−540, 73aa), uORFOsDLT(−141,  
42aa) and uORFOsDLT(−105, 30aa) in the endogenous 5′ UTR of OsDLT.  
(a) Editing efficiencies of pegRNAs with plant prime editor (PPE2) used to 
generate uORFOsDLT(−402, 27aa), uORFOsDLT(−141, 42aa) and uORFOsDLT(−105, 30aa) 

in the endogenous 5′ UTR of OsDLT in protoplasts (n = 2). (b) Editing efficiencies 
of sgRNAs with adenine base editor (ABE8e) used to generate uORFOsDLT(−540, 
73aa) in the endogenous 5′ UTR of OsDLT in protoplasts (n = 3). The data are 
presented as mean ± s.e.m. (c) Schematic representation of the pH-ABE8e vector.
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Extended Data Fig. 8 | Sanger sequencing chromatograms of representative mutants containing uORFOsDLT(−402, 27aa), uORFOsDLT(−540, 73aa), uORFOsDLT(−141, 
42aa) and uORFOsDLT(−105, 30aa), respectively. Red arrows indicate the desired edits.
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Extended Data Fig. 9 | Detection of transgene-free mutants with three pairs of primers based on the pH-ePPE-epegRNA, pH-ABE8e-spG and pH-ABE8e binary 
vector. Lanes with no bands generated by the three pairs of primers indicate transgene-free T1 mutants. M represents a DNA molecular weight ladder.
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