nature genetics

Article

https://doi.org/10.1038/s41588-023-01454-3

Suppressing aphosphohydrolase of
cytokinin nucleotide enhances grain

yieldinrice

Received: 11 August 2022

Accepted: 21 June 2023

Published online: 27 July 2023

W Check for updates

Bi Wu®"?, Jianghu Meng’, Hongbo Liu', Donghai Mao', Huanran Yin',

Zhanyi Zhang', Xiangchun Zhou®", Bo Zhang', Ahmed Sherif ®", Haiyang Liu®,
Xianghua Li', Jinghua Xiao', Wenhao Yan'?, Lei Wang'?, Xingwang Li®"?,

Wei Chen'?, Weibo Xie ®"?, Ping Yin®?, Qifa Zhang ® ">

& Yongzhong Xing®'?

One-step and two-step pathways are proposed to synthesize cytokininin
plants. The one-step pathway is mediated by LONELY GUY (LOG) proteins.
However, the enzyme for the two-step pathway remains to be identified.
Here, we show that quantitative trait locus GY3 may boost grain yield by
more than 20% through manipulating a two-step pathway. Locus GY3
encodes a LOG protein that acts asa 5’-ribonucleotide phosphohydrolase by
excessively consuming the cytokinin precursors, which contrasts with the
activity of canonical LOG members as phosphoribohydrolasesinaone-step
pathway. The residue S410of GY3 is crucial for the dephosphorylation

of iPRMP to produce iPR. Asolo-LTR insertion within the promoter of
GY3suppressed its expression and resulted in a higher content of active
cytokinins in young panicles. Introgression of GY3°**® increased grain

yield per plot by 7.4% to 16.3% in all investigated indica backgrounds, which
demonstrates the great value of GY3°**®in indica rice production.

Owing to their high relative abundance and affinity to their recep-
tors, the active cytokinin types N®-(A%-isopentenyl) adenine (iP)
and trans-zeatin (tZ) play critical roles in regulating cell prolifera-
tion and differentiation, especially during inflorescence meristem
development', In particular, tZ-type cytokinins play major roles
in aerial organ development*. Two models have been proposed
for isoprenoid cytokinin release from cytokinin nucleotides: the
one-step pathway mediated by LOG activation’ and the two-step cyto-
kinin synthesis pathway®’. In the one-step pathway, cytokinin nucle-
obases are directly generated from their corresponding cytokinin
nucleotides, which has been verified for LOG family proteins acting
as cytokinin nucleoside 5’-monophosphate phosphoribohydrolases
inrice, Arabidopsis thaliana and plant-interacting organisms”'% ",
The two-step pathway proposes that cytokinin nucleotides such as
iP riboside 5’-monophosphate (iPRMP) are successively converted

to corresponding cytokinin nucleosides such as iP riboside (iPR)
by nucleotidase and then to cytokinin nucleobases (such as iP) by
nucleosidase. However, knowledge about the two-step pathway is
very limited. Phylogenetic analysis of 123 LOG proteins inboth plants
and plant-interacting organisms revealed two clusters (type I and
typell) and synapomorphicresidues at the active site indicated that
all LOG proteins are involved in the same catalytic mechanism for
cytokininrelease’. However, the two diverse clusters and further sub-
clusters may produce somewhat different types of cytokinins". Stable
isotope-labeled tracers applied to cytokinin analysis showed that the
conversion rate from cytokinin nucleosides to cytokinin nucleobases
inthe two-step pathway is much slower than LOG-catalyzed conver-
sion from cytokinin nucleotides to cytokinin nucleobases'. LOG
family enzymes have not been previously identified to be involved
in the two-step pathway in plants.
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Fig.1|Map-based cloning of GY3. a, Fine mapping of GY3 via two randomly
segregating populations (n = 521and 2,130, respectively). The numbers near
the bars represent the numbers of recombinants between GY3 and the markers.
b, Local genomic components of key recombinants and the performance of
their progeny in terms of spikelets per panicle (SPP). The black, white and gray
bars represent heterozygous, 02428 and TQ homozygous genomic regions,
respectively. The control was heterozygous at GY3and R1to R6 represent

six recombinants. The SPP of homozygotes TQ (R#_T) and 02428 (R#_0) are
shown as the means + s.e.; three ORFs were identified in the mapping region,
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of which ORF2 cosegregated with InDel marker ID7; the numbersin the bars
indicate the number of individuals used for phenotyping. c-f, Comparison of
the whole plants (c), panicles (d), primary branches (e) and panicle architecture
(f) at the maturation stage between 02428 and the complementary lines in the
background of 02428 (02428-CP). Scale bars, 5 cm. g, Relative expression level of
GY3intheleaves of 02428 and 02428-CP seedlings. The data are the means * s.e.
(four biological and three technical replicates). P values were calculated by two-
sided paired Student’s t-test (b and g).

In our previous study, two tightly linked quantitative trait loci
(QTLs), gPH3 and GY3, which control plant height and grain yield per
plant, respectively, were fine mapped onto rice chromosome 3 (ref.
19). It was shown that OsGA200XI underlies gPH3 (refs. 19,20) but
the gene underlying GY3 has not been identified. By increasing the
numbers of secondary branches and spikelets per panicle, GY3 could
increase grain yield per plant by more than 20% (ref. 19). Here, we
showthat GY3encodesaLOG-like proteinwith adistinctive functionin
cytokininsynthesis. A Gypsy solo-LTR insertion within the promoter of
GY3suppressed its expression and promoted panicle branching. The
introgression of GY3into several elite indicarestorer lines and hybrids
demonstrated its usefulness in increasing grain yield.

Results

GY3encodes LOGLS and regulates grainyield

To eliminate the genetic interference of gPH3, a QTL for plant height
whichalsoinfluences grainyield'’, anear-isogenicline (NIL) for G¥3in

the variety 02428 background was obtained from a BCsF, population.
Inthis line, gPH3 was fixed for the 02428 allele and GY3was fixed for the
donor parentallele of Teqing (TQ) (Fig.1a). The per-plant grainyield of
plantswith the GY3°**? allele (02428) was 6.3 g (21%) higher than that of
the plants with the GY3™allele (02428-GY3™), which was mainly caused
by ten additional secondary branches resulting in 39 additional grains
per panicle (Extended Data Fig. 1a-h). The panicle length, biomass
weight per plant and 1,000-grain weight of 02428 were significantly
higher than that of 02428-GY3™ but no differences were observed in
heading date, plant height, number of tillers per plant, harvestindex,
seed setting ratio and number of primary branches (Extended Data
Fig.1i-q).Similarly, introgressing G¥3°*?¢in the TQ genetic background
(TQ-GY3°*®) increased grain yield per plant by 7.5 g (29%) compared
with TQ (Supplementary Table 1and Extended Data Fig. 2a-d).

To identify the gene underlying GY3, we performed positional
cloning. A total of 2,130 plants derived from the self-pollinated prog-
eny of L1 were genotyped with eight markers, which narrowed GY3to
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a 21 kilobase (kb) interval flanked by ID12 and ID9 and cosegregating
with ID7 (Fig. 1b). There were two intact open reading frames (ORFs)
and one truncated ORF encoding a TyI-copia-like retrotransposon.
ORFI1(LOC 0s03g64060) encodes an expressed unknown protein and
ORF2 (LOC_0s03g64070) encodes the LONELY GUY-LIKE 5 (LOGLS5)
protein (http://rice.uga.edu/), which s predicted to directly catalyze
therelease of cytokinin nucleobases’. Real-time quantitative polymer-
ase chain reaction (QPCR) analysis showed that LOGLS was expressed
fivefold higher in the leaves of 02428-GY3™ thanin the leaves of 02428
(Extended DataFig.1r). To confirm the candidacy of LOGLS, anearly 4 kb
genomic fragment of the TQ allele, including a 2 kb promoter region,
wasintroduced into 02428 (Extended Data Fig. 3b). GY3 expressionin
the transgene-positive plants (02428-CP) increased 3.6-11.1-fold and
the phenotype of 02428-CP was similar to that of 02428-GY3™, with
the former presenting a reductionin grainyield from5.7t018.7 gand
an average decrease of 32% compared with 02428 (11.7 g) (Fig. 1c-g
and Extended Data Fig. 3c—n). Similar results were observed when an
overexpression cassette containing the LOGLS coding sequence driven
by the maize Ubiquitin promoter was introduced into 02428 (Extended
DataFig. 4).Inaddition, LOGLSknockout plantsinthebackground ofa
Jjaponicavariety Zhonghuallsignificantly increased spikelets per plant
byincreasing about tensecondary branches (Extended DataFig.5and
Supplementary Table 2). These results demonstrated that LOGL5is the
causal gene underlying GY3, which elevates the expression of LOGLS
thus reducing grainyield.

Asolo-LTRinsertion downregulates GY3 expression
Comparative sequencing of GY3 between 02428 and TQ revealed 27
single-nucleotide polymorphisms (SNPs) and eight insertions/dele-
tions (InDels) within the 2 kb promoter region (the TQ allele sequence
was used as control), two SNPs and two InDels within the 165 base pair
(bp) 5’-untranscribed region, one SNP and one InDel within the 400 bp
3’-untranscribed region and three synonymous SNPs within the coding
sequence (Extended DataFig.3a). A 3,882 bpinsertion was detected at
579 bp upstream of the GY3transcriptional start sitein 02428 relative to
the TQ sequence; thisinsertion sequence belongs to the typical Gypsy
subclass of long terminal repeat (LTR) retrotransposons (Fig. 2a). To
confirmtheregulatoryroleof the solo-LTR insertionin the expression
of GY3, aknockout plant was generated with a 3,983 bp deletion that
included the entire solo-LTR (Fig. 2a). The expression level of G¥3in
the homozygous solo-LTR-deletion plants (02428™%*°) was 5.4-fold
higher than thatin 02428. Moreover, the per-plant yield of 02428 %0
was equivalent to that of 02428-GY3", which was 6.9 g less than that
0f 02428, a 25% decrease (Fig. 2e-m, Supplementary Fig.1and Sup-
plementary Data1). These results strongly support that the solo-LTR
insertion withinthe promoter region of GY3isresponsible for the high
grainyieldin 02428 plants.

To further answer how the insertion downregulates GY3 expres-
sion, a bisulfite conversion sequencing PCR (BSP) in the promoter
region of GY3 showed that a higher average methylation level of CHG
contexts was detected (59.6%) in 02428 allele than thatin 02428-GY3™
(36.3%) but little differences were observed in CG and CHH contexts
between genotypes (Fig. 2c). Whole-genome bisulfite sequencing
(WGBS) of 02428 and 02428-GY3™ also showed that the CHG con-
texts are much higher in 02428 than those in 02428-GY3™ (Fig. 2b).
A self-reinforcing loop model was confirmed that CHG methylation
is associated with a heterochromatin mark, H3K9 dimethylation
(H3K9me2) modificationin previous study?. The enhanced chromatin
immunoprecipitation sequencing (eChIP-seq) analysis of H3K9me2
showed a peak with fivefold enrichment in the solo-LTR insertion
region in 02428 compared with 02428-GY3™ without enrichment
(Fig.2b,d). The eChIP-seq analysis of H3K27ac, which activated gene
expression, showed a higher enrichmentin the GY3 gene body region
0f 02428-GY3™ compared to that of 02428. Accordingly, the repressive
histone modification, H3K27me3, was significantly less enriched in

02428-GY3™ than that of 02428 (Fig. 2b,d). Thus, the 3,882 bpinsertion
enhances DNA methylation level and leads to heterochromatinization
and consequently represses the GY3 expressionin 02428 plants, which
explained asixfold higher expression level of GY3in the young panicles
of 02428-GY3™ than in those of 02428 (Fig. 3a).

GY3 acts as cytokinin 5’-ribonucleotide phosphohydrolases
Alignment of LOG family member sequences fromrice, maize and wheat
showed that GY3, An-2 (ref.10) and LOG (ref. 7) shared the same catalytic
residues, AMP-binding and prenyl-group binding amino acid residues
(Supplementary Fig. 2). The protein sequences of GY3 and An-2 were
59.8% identical. To test whether GY3 regulates cytokinin biosynthesis
invivo, we measured the contents of cytokinins in the young panicles
0f02428,02428-GY3™, 02428-CP, 02428-OE and 02428"™*° (hereafter,
allthese linesinwhich GY3 expression was higher than thatin 02428 are
collectively referred to as ‘higher-expression lines’) (Fig. 3a and Sup-
plementary Fig.3). As expected, the content of the cytokinin nucleotide
iPRMP, the substrate of LOG proteins, was lower in the young panicles of
allhigher-expression lines compared with 02428 (Fig. 3b); butit was out
of expectation thatiP was notaccumulated in higher-expressionlines,
exceptin 02428-G¥3™and 02428-CP (Fig. 3c). However, the contents of
cytokinin nucleobases, tZ and dihydrozeatin (DHZ), which are thought
to be the products of GY3, were even lower in the higher-expression
lines except DHZ in 02428-GY3™ (Fig. 3d and Extended Data Fig. 6a).
Moreover, the content of the cytokinin nucleoside iPR was higher in
all higher-expression lines than in 02428, whereas the contents of
tZ riboside (tZR) and most DHZ riboside (DHZR) were lower except
DHZR in 02428-GY3™ (Fig. 3e,f and Extended Data Fig. 6b). In addi-
tion, the iPR and tZR contents were lower whereas the iP and tZ con-
tents were higher in leaves of GY3-knockout lines than that in the wild
type (Extended Data Fig. 5i). These results seemingly contradict the
canonical one-step cytokinin-releasing function of LOG proteins,
whereby cytokinin nucleobases such as iP and tZ should accumulate
in higher-expression lines, whereas the changes in the contents of
cytokinin nucleosides such as iPR and tZR should be consistent™'>'%,
Therefore, we proposed that, unlike its homologs that directly generate
cytokinin nucleobases, GY3 may instead promote the generation of
cytokininnucleosides. To test this, using its homolog An-2 as a control™,
we evaluated the enzymatic characteristics of GY3. Both An-2and GY3
react with iPRMP rather than with iP and iPR (Fig. 3g and Extended
DataFig. 6¢). As in the previous studies'®", the major product of the
An-2 catalytic reaction is iP. However, the major product of the reac-
tion of GY3is iPR coupled with little iP. These results suggested that
GY3 acts as a 5’-ribonucleotide phosphohydrolase, which shared the
same enzymatic properties as the EC 3.1.3.5 purified from the cytosol
of wheat’. Analysis of the enzymatic properties of GY3and An-2 under
optimum pH conditions (pH 6.5) showed that both proteins shared a
similar affinity to iPRMP. However, the maximum reaction rate at a
given amount of enzyme, V,,,,, of GY3 is one-half that of An-2 and the
K., and K_,/K,,, where K ,. is the number of substrates converted by
each enzyme molecule per minute, of GY3 are one-quarter those of
An-2 (Supplementary Table 3). To characterize their relative activities,
GY3 and An-2 proteins were mixed together such that a gradient of dif-
ferent ratios was produced. A decreased ratio of iP to iPR along with a
reductioninAn-2 content was observed (Extended Data Fig. 6d). When
the amount of GY3 was approximately sevenfold that of An-2, equiva-
lent amounts of iP and iPR were produced in a single reaction, which
corresponds to the fourfold reaction efficiency of An-2 against GY3.
Todiscerntheregionresponsible for the distinct function between
thetwo proteins, both An-2and GY3 were divided into three segments
attwositeslocatedintwo completely conserved regions (Supplemen-
tary Fig. 2). Five His-tagged recombinant proteins were purified and
their enzymatic reaction products were evaluated. The recombinant
proteins I-B-Cand I-B-1ll, which contained segment I (with GY31,amino
acids1-70), mainly produced iPR as GY3 did, indicating that both have
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Fig. 2| Functional identification of the solo-LTR insertion within the
promoter of GY3. a, InDel variation of Gypsy solo-LTR (solo-LTR) within the
promoter region of GY3between the 02428/Nip and TQ/MHé63 alleles. The
sequences (GCTTT) in the blue box are the target site duplication (TSD) produced
by the solo-LTR insertion and a typical LTR sequence termed the TG/CA box

(red characters, TG at the 5’ end and CA at the 3’ end of LTR); CRISPR-based
knockout line of the solo-LTR insertion (02428 ™X°) in the 02428 background.
Thered dashed lines indicate deletions; gRT1and gRT2 are the CRISPR targets for
solo-LTR knockout in the 02428 background with a protospacer adjacent motif
sequencein bold characters. b, DNA methylation and chromatin modification
features within the promoter and gene body of GY3in the young panicles of NILs.

¢, DNA methylation level of BSP region in the young panicles of NILs. d, Fold
enrichment of H3K9me2 within the solo-LTR (light blue) and H3K27ac, H3K4me3
and H3K27me3 within the gene body (red) regions of GY3in the young panicles
of NILs, respectively (n=2).ND, not determined. e-h, Comparisons of the whole
plants (e), panicles (f), primary branches (g) and panicle architecture (h) at the
maturation stage between 02428 and 02428 ™X°, Scale bars, 5 cm. i, Relative
expression level of G¥3in the leaves of 02428 and 02428 ™ X% seedlings (four
biological and three technical replicates). j-m, Comparisons of yield per plant
(§), secondary branches per panicle (k), spikelets per panicle (I) and grains per
panicle (m) between 02428 (n =27) and 02428™X° (n=19) lines. The dataare the
means * s.e. Pvalues were calculated by two-sided paired Student’s ¢-test (d,i-m).

strong phosphohydrolase activity for iPRMP. On the other hand, pro-
teins A-B-lll, A-II-C and I-1I-C presented reduced phosphoribohydrolase
activity in comparison with that of An-2 (Fig. 3h and Extended Data
Fig. 6e). Overall, segment1(GY31:1-70) of GY3is crucial forits function
toproduceiPR.

Extensive mutagenesis of potential catalytic residues for phospho-
hydrolase activity revealed that mutants GY35* and An-25*%* showed
a complete loss of dephosphorylation activity, indicating that the
serine residues (S41in GY3 and S36 in An-2) are crucial for generating
iPR (Fig.3g). The arginine residue, which corresponds to R121and R116
of GY3 and An-2, respectively, is the candidacy of catalytic residues in
LOGs™ (Supplementary Fig. 2). An-28*A mutant sharply reduced the

phosphoribohydrolase activity whereas the GY3**4 mutant shows a
low phosphoribohydrolase activity as does GY3 (Fig. 3g). Thisindicates
that R116 in An-2 s vital for iP production whereas R121in GY3 is of no
use for iP production.

GY3inhibits cell division in the branching meristem

Expression analysis showed that GY3 was preferentially expressed in
theleaves and young panicles, especially in panicles longer than 5 mm.
Inalltheinvestigated tissues except leaf sheath, GY3was expressed at
higher levels in 02428-GY3™ plants than in 02428 plants (Extended Data
Fig.7a). RNA in situ hybridization clearly showed the presence of GY3
transcripts in the tips of the branching meristems in both 02428 and
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Fig.3|Biochemical features of GY3 in association with synthesis of
cytokinins. a-f, Relative expression level of GY3 (a), contents of endogenous
cytokinin nucleotide (iPRMP) (b), contents of the cytokinin nucleobases iP (c)
and tZ (d) and contents of the cytokinin nucleosides iPR (e) and tZR (f) in the
young panicles of 02428, 02428-GY3™, 02428-CP, 02428-OF and 02428™"*° Data
aremeans + s.e. (three biological and three technical replicates). The different
letters above the bars indicate significant differences at P < 0.01 via Duncan’s test
(b-f). FW, fresh weight. g, Detection of the enzyme-catalyzed reaction products

of GY3, GY3**A, GY3RM2A An-2, An-2%%%* and An-2""** to iPRMP. Standards of iPRMP,
iPandiPR. h, Diagram of the recombinant enzyme and its major enzymatic
products. Thered and blue lines represent the protein fragments of GY3 (I, land
1) and An-2 (A, Band C), respectively. The letters at the end of the line represent
the compositions of the newly recombinant enzymes and the products and fold
differences (iP/iPR) represent the major enzyme product and product ratios of iP
and iPR of each recombinant enzyme.

02428-GY3™, with a higher level found in 02428-GY3™ than in 02428
(Extended Data Fig. 7b-h).

The KNOX family genes (OSH1, OSH6 and OSH15), which are posi-
tively regulated by cytokinins, were repressed in the young panicles
of the higher-expression lines compared to 02428 (Supplementary
Fig. 4a and Supplementary Data 1). OSH1, a meristematic activity
marker, showed a higher expression levelin 02428 thanin 02428-GY3™
(Supplementary Fig. 4d,j and Supplementary Data 1). The mitosis
regulator CYCDI1,;3, whichencodes aD-typecyclinandisinvolvedin the
Gl-to-S-phase transition by phosphorylation of retinoblastoma-related
protein*, was downregulated in the GY3 higher-expression lines
(Supplementary Fig. 4a and Supplementary Data 1). Moreover, the
cell division activity marker Histone H4 (ref. 23) was expressed more
in meristematic cells of branching panicles in 02428 compared with
02428-GY3™ (Supplementary Fig. 4¢,f k,land Supplementary Data1).
Taken together, all these results implied that cell division in the inflo-
rescence meristems of 02428 is more active than that in 02428-GY3™.

Three (OsRR3, OsRRS and OsRR6) of nine cytokinin-responsive
type-A genes (OsRRs) were downregulated in the panicles of the
higher-expression lines compared with 02428 (Supplementary Fig. 4b
and Supplementary Data 1). OsRR6 showed higher expression in the
branching primordia of 02428 plants than in 02428-GY3' plants
(Supplementary Fig. 4g,m and Supplementary Data1). This phenome-
nonisinlinewith theincreased content of active cytokinins inthe pani-
cles of 02428. The expression of both OsIPT7 and OsIPT8, which encode
enzymes whose catalytic activities represent the first step ofisoprenoid
cytokinin biosynthesis, was significantly induced and led to a high

content of iPRMP in the 02428 compared with the higher-expression
lines (Supplementary Fig. 4c and Supplementary Data1).

The solo-LTR insertion originated from Oryza rufipogon

The vital role of solo-LTR insertion in regulating GY3 expression
prompted us to investigate its distribution and evolutionary tra-
jectory inrice. By genotyping the minicore germplasm collection
consisting of 533 accessions?*, we found that 144 of 146 japonica,
42 of 221 indica and 19 of 39 aus accessions contained the solo-LTR
insertion (Supplementary Data 2). In general, the indica acces-
sions with the solo-LTR insertion had a lower expression level of
GY3 and higher grain yield per plant than did those without the
insertion (Supplementary Fig. 5 and Supplementary Data1). Intact
Gypsy LTR retroelements (LTR-RTs) are usually arranged in two or
three ORFs with gag, pol and env and flanked by two LTRs in the 5
upstream and 3’ downstream regions®. However, unequal homol-
ogous recombination can partially remove LTR-RTs, resulting in a
solo-LTR at the original insertion site lacking ORFs and one LTR bor-
derregion, whichis universalamong eukaryotes®, including yeast?,
primates® and plants®~'. Alignments of 100 kb sequences surround-
ing GY3 from eight Oryza AA reference genome sequences showed
that only Nipponbare and W1943 (O. rufipogon) contained the solo-LTR
insertion and no intact Gypsy LTR was identified in Nipponbare or
W1943 (Supplementary Fig. 6 and Supplementary Data 3 and 4). To
better trace the trajectory of solo-LTR insertions, we expanded this
analysis toacomprehensive germplasm population comprising 3,010
diverse accessions of Asian cultivated rice®, 25 African cultivated
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O. rufipogon), the interflow between O. sativajaponica* and O. sativa indica*
resulted in positive D and f;, values, whereas the introgression between O. sativa
Jjaponica®and O. sativa indica’ led to negative D and f,, values. ¢,d, Plot of the

D statistic (¢) and f,, statistic (d) for the long-arm terminus of chromosome 3, the
smooth line conducted with locally weighted regression (loess) with confidence
interval at 0.95level. e,f, Haplotype analyses of introgression within the long-

° Represent 100 accessions .
O & with or without solo-LTR insertion

arm terminus of chromosome 3. Included is a comparison of the haplotypes
amongindica,japonica, aus, basmatiand an admix (intermediate) with or
without solo-LTR insertion (e), with a focus on haplotype differentiation within
the indica population (f); the red color represents the reference allele. The red
arrows (a,c,d f) indicate the GY3location on the chromosome. g, Percentage and
distribution of solo-LTR insertions in indica cultivars in Asian countries. Credits
for panel g: background tiles from Stamen Design under a Creative Commons CC
BY 3.0 license; map plotted using ggmap*® and data from ref. 41 under an Open
Data Commons Open Database License (ODbL).

rice accessions (0. glaberrima) and 245 wild rice accessions from
OryzaGenome (http://viewer.shigen.info)* (Supplementary Fig. 6).
One-half (29 of 56) of O. rufipogon and 98.1% (838 of 854) of japonica
accessions contained the solo-LTRinsertion.Noinsertion was detected
in 12 accessions of O. nivara, which is considered the ancestor of
O.sativaindica®**, while 20.6% (369 of 1,789) of indica accessions con-
tained theinsertion (Supplementary Fig. 6 and Supplementary Data
3-5).Similarly, no solo-LTR insertion was identified in O. glaberrima
(0 of 25) or O. meridionalis (0 of 20). The solo-LTR insertion is rare
or infrequent in the other three Oryza species with an AA genome,
namely, O. barthii (0.8%,10f117), O. glumipatula (4.8%, 1 of 22) and
0. longistaminata (16.7%, 3 of 18). Notably, most basmati accessions
(73 0of 76) and one-half (116 accessions) of 201 aus accessions contained
the solo-LTR insertion (Supplementary Data 5). These findings are
consistent with those of a previous study showing that basmatirice
is sister to japonicarice; both share the same ancestor, O. rufipogon
and the high-frequency admixture between aus and basmati
accessions® may contribute to the high frequency of this insertion
in the aus subgroup. Taken together, these results revealed that the

retrotransposon element (solo-LTR) within the promoter of GY3was
firstinsertedin O. rufipogon and, subsequently, has become present
in O.sativajaponica through domestication.

Introgression of the solo-LTR insertion to indicarice

To understand how the 20.6% indica rice (Ind", indica rice with the
solo-LTR insertion) obtained the GY3 allele with this insertion and to
determine whether the GY3-containing region of /nd* was obtained
fromjaponica, we first analyzed the F; values, which represent the
inbreeding coefficient among different populations, corresponding
to the ~-6 megabase (Mb) region (from 30 Mb to the end of chromo-
some 3) flanking GY3between Ind and Jap* populations (Fs; (Ind , Jap®))
and between Ind" and Jap* populations (Fs; (Ind*, Jap®)) (Fig. 4a). The
extremely low Fg; (Ind", Jap®) of 0.087 and the very high Fs; (Ind", Jap®) of
0.89 clearly showed that /nd* and/ap* displayed high sequence similarity
inthe GY3region. A ‘gene flow’ analysis further revealed positive Dand
fauVvalues corresponding toanadjacentregion (30-36 Mb) of GY3, indi-
catingthat/nd and /nd* shared the most identical alleles. However, the
values of Dandf;, correspondingto the region surrounding GY3(nearly
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300 kbinlength) were negative, indicating that/ap* and Ind* shared the
mostidentical alleles (Fig. 4b-d). Taken together, these results suggest
that ‘gene flow’ within the GY3region occurred fromjap* to Ind".
Haplotype blocks of the target 1.4 Mb region surrounding GY3
(35.0-36.4 Mb) were constructed for the 3,010 diverse accessions
(Fig. 4e,f). Most (68%) of the accessions in Ind* carried Jap* haplo-
type blocks covering a 280 kb segment (from 36.12 to 36.40 Mb) sur-
rounding GY3, indicating that the GY3segment was introgressed from
Jjaponicato Ind'. However, a few accessions (32%) of Ind" carried Jap*
haplotype blocks that were less than 280 kb in length, indicating that
theintrogressed segment was shortened, probably due to recombina-
tion during indica breeding. Conversely, half of the Jap™ introgressed
Ind haplotype blocks were located within the whole 1.4 Mb region.
Introgression of the GY3 segment from Jap® was also observed in the
intermediate*, aus' and basmati* groups (Fig. 4e,f).

GY3°**%improved theyield of restorer lines and hybrids

Geographical distribution analysis of indica accessions showed that the
occurrence of solo-LTRinsertions varies across Asian countries, ranging
from5.4%in Cambodiato 56.6% inIndonesia (Fig. 4g, Supplementary
Table 4 and Supplementary Data 5). Furthermore, the percentages of
solo-LTRinsertionsinlandraces (traditional rice) are even higher than
thoseinmodernvarieties (improved varieties), such asthosein Indone-
siaand the Philippines. Similarly, only 8% of 87 modern Chinese indica
varieties contained this solo-LTR insertion (Supplementary Table 4).
Moreover, analysis of 95 indica backbone parents used for producing
hybrid rice showed that only 3 of 21 photothermosensitive genic male

sterile (P/TGMS) lines and 1of 49 restorer lines have the solo-LTR inser-
tion. None of the 25 cytoplasmic male sterile (CMS)/maintainer lines
have this insertion (Supplementary Data 6). These results indicated
that the favorable allele of GY3 was not a selection target in previous
breeding programs.

To verify its value in the genetic improvement of indica rice,
the GY3°**% allele was introgressed into an elite restorer line (93-11)
for a two-line hybrid system and into two elite restorer lines (MH63
and SH527) for a three-line hybrid system (Fig. 5 and Extended Data
Figs. 8 and 9). The introgression lines were termed 93-11-GY3°*%,
MH63-GY3°**%® and SH527-GY3°**%; compared with their original
restorer lines, these three introgression lines exhibited per-plant
increasesingrainyield of 28.2%,12.0% and 14.1%, respectively, in 2020
and 25.5%, 24.5% and 25.8%, respectively, in 2021 in Wuhan (Supple-
mentary Tables 5 and 6). GY3%*** increased the number of secondary
branches and spikelets and grains per panicle and ultimately increased
the grain yield of all these lines. The grain yield per plot (1.33 m?) of
these improved restorer lines also increased by 9.1%, 9.2% and 13.5%
and by 12.4%, 11.3% and 16.3% compared with their counterpart lines
inLingshui, HiananIsland (short-day condition) and Wuhan (long-day
condition), respectively (Fig. 5g, Extended Data Fig. 8g and Supple-
mentary Table 7). Accordingly, the grain yields per plot of the new
versions of the elite super hybrids LYP9-GY3°%*%8, G46B/MH63-GY3°%%8
and G46B/SH527-GY3"**® were 1.82,1.62 and 1.61 kg, respectively, which
were 15.4%, 7.4% and 11.0% higher than those of their original hybrids
LYP9, G46B/MH63 and G46B/SH527, respectively (Fig. 5g and Extended
DataFigs.8gand 9g).
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Fig. 6| Model of how GY3 determinesrice panicle size and grainyield. GY3
encodes a LOG-like protein that catalyzes the conversion of iPRMP to iPR. The
solo-LTRinsertion induces an H3K9me2 modification and enhances levels of
DNA methylation within the promoter of G¥3, whichinhibits the expression of
japonicaallele of GY3. Therefore, more cytokinin nucleotides (iPRMP) in the
metabolic pool are converted to tZRMP and further to tZ, an active form of
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cytokinin that enhances the expression of OSHI and CYCD3;1, which subsequently
maintain meristematic activity and promote cell division, respectively. Finally,
the panicle develops increased numbers of secondary branches, which leads to
increased grain yields. The chemical molecules in greenindicate different forms
of cytokinins. The dashed lines represent the regulatory network and the arrow
size represents the catalytic or regulatory strength.

Discussion

Theinvolvement of LOG proteins in the two-step pathway of cytokinin
synthesis in plants remains to be explored. The major product of GY3
isiPR, whereas the major product of An-2isiP. Notably, small amounts
ofiPandiPRwere detected as aresult of the enzymaticreaction of GY3
and An-2, respectively (Fig. 3g). The product of LOG via the one-step
cytokinin synthesis pathway was previously verified and there was an
unconfirmed minor accumulation of LOG and An-2/LABA1 reaction
products””, which might be signals of iPR. According to the previ-
ously proposed LOG catalytic mechanism, the glutamic acid residue
inPGG,GTyE motifactivated awater molecule to attack the ribosering
andthearginine residue (R116) stabilized transition state then produced
iP** (Supplementary Fig. 2). Docking analysis showed that R116 of An-2
may interact with the ribose group of iPRMP whereas R121 of GY3 is
supposed not to interact with the ribose group of iPRMP (Extended
DataFig.10a,b,d,e). This is in agreement with the results that R116 of
An-2is essential to phosphoribohydrolase activity whereas R121 of
GY3isofnoaccount for phosphoribohydrolase activity. On the other
hand, the residues S41 of GY3 and S36 of An-2 are also able to interact
with the phosphate group of iPRMP (Extended Data Fig.10c,f). This is
consistent withthe fact that the serineresidue (S41and S36) is respon-
sible for phosphohydrolase activity. The conserved residues of LOG
homologs such as arginine (corresponding to R116 of An-2) for phos-
phoribohydrolase activity and serine (corresponding to S41of GY3) for
phosphohydrolase activity inrice, maize and wheat suggested that all
LOGs might possess bifunctional catalytic activitiesand each LOG has
adominant activity which is determined by the interaction between
these two catalytic residues and substrates (Supplementary Fig. 2).
For example, GY3 mainly acts as phosphohydrolase, while other mem-
bers like LOG and An-2 dominantly act as phosphoribohydrolase***
(Supplementary Fig. 7).

Thesolo-LTRinsertion enhanced the levels of DNA methylationand
induced the enrichment of H3K9me2, which together downregulated
GY3 expression and resulted in high grain yield in 02428 and several
other genetic backgrounds (Supplementary Tables 5-7). Therefore,
we propose a working model for GY3 (Fig. 6). The solo-LTR insertion
within the promoter of GY3in the japonica variety 02428 suppresses
the expression of G¥Y3inthe panicles by altering histone modification
and DNA methylation levels. A lower content of GY3 in 02428 limits
the consumption of iPRMP to iPR, while more iPRMP is converted to
tZRMP and, finally, more active cytokinins such as tZ are produced,
which in turn leads to increased expression of CYCD3;1 and OSH1.
A high content of OSH1 subsequently promotes Os/PTs expression,

which further enhances the synthesis of iPRMP. Ultimately, the
increased meristematic activity and cell division activity result in
increased numbers of secondary branches and substantially increase
grainyield.

In Indonesia and Malaysia, 60.7% and 35.0% of the indica acces-
sionswiththe solo-LTRinsertion are traditional rice accessions, which
indicates that the insertion was introgressed into indica rice before
modern genetic improvements were made. Both indica and tropical

Jjaponica cultivars are commonly grown in these countries®’, which
provides the opportunity for naturally occurring intersubspecies polli-
nation. However, the percentage of the modern varieties with the inser-
tiondid notincrease (Supplementary Table 4). Although the breeding
program for new rice plant types involving indica—japonicaintersub-
species crossings was initiated by the International Rice Research
Institute (IRRI) approximately 50 years ago”, the proportion (33 of
163) of modern indica varieties with theinsertion has notincreasedin
the Philippines, where IRRIis located. In China, only 8.0% of improved
indica varieties and 4.2% of backbone parents of indica hybrids were
found to carry the high-yielding GY3 alleles. All these data showed
that the higher-yielding japonica GY3 allele has not been the artificial
selectiontargetin previousindicabreeding programs, suggesting the
great potential tointroduce japonica GY3alleles toimprove grain yield
inindica cultivars. In fact, all the GY3°**®-improved elite indica restorer
lines and hybrids presented substantially increased grain yields under
bothlong-day and short-day conditions (increases 0f 12.8% and 11.3%
per plot on average) (Fig. 5, Extended Data Fig. 8 and Supplementary
Table 7). Unlike other yield-related genes such as Ghd7 in rice and
TaCol-BS5 in wheat, which increase grain yield by delaying heading
date®**, GY3 has no effect on heading date (Supplementary Table 5).
This trait may provide an attractive target forimproving the grainyield
ofindica cultivars worldwide asit does not alter the adaptation scheme
ofrice cultivars in terms of the cropping region or cropping season.
The optimal transcriptional regulation of G¥3 may maximize grain
yields by optimizing tZ-type cytokinins in rice. Thus, the generation
of saturated mutations by gene editing within the promoter region
may be asuitable alternative for generating new, superior GY3alleles.
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Methods

Plant materials and phenotypic evaluations

The NIL for GY3 (02428-GY3™) was derived from a cross between the
recurrent parent 02428 (a widely compatible variety; O. sativa ssp.
Jjaponica) and the donor parent TQ (O. sativa ssp. indica), aline harbor-
inghomozygous 02428 alleles of gPH3 and homozygous TQ alleles of
GY3was developed via marker-assisted selection. Amapping popula-
tion for GY3 was developed by self-pollination of a line (L1) that har-
bored homozygous 02428 alleles of gPH3 and heterozygous alleles
of GY3. Following this strategy to use 02428°" to improve three elite
restorer lines, namely 93-11, Minghui63 (MH63) and Shuhui527 (SH527)
and TQ, all these lines were used as recurrent parents and crossed
with donor parent 02428 followed by four continuous backcrosses
to generate BC,F, plants. One BC,F, plant in each background was
self-pollinated to generate a BC,F, population. One-hundred plants
of each BC,F, population were genotyped with marker ID7 (Supple-
mentary Data7), a cosegregation marker of GY3. Arandomly selected
BC,F, plant with ahomozygous 02428 allele from each background
(named 93-11-GY3°*?%, MH63-GY3°*?8, SH527-GY3°**® and TQ-GY3°**%)
was deemed as NILand genotyped with aRICE6K SNP array*”. NILs were
used for hybrid production and grainyield comparisons. These materi-
alswere grown at the experimental stations of Huazhong Agricultural
University in Wuhan, Hubei Province, and Lingshui, Hainan Province,
China. Allthe materials were planted such that the distance was 16.5 cm
between plants within arow and 25 cmbetween rows.

Thetillers per plant, plant height, paniclelength, primary branches
per panicle, secondary branches per panicle, spikelets per panicle,
grains per panicle,1,000-grain weight, biomass per plant, harvestindex
andgrainyield per plant were evaluated for each material. Phenotypic
measurements were performed on threeindependent transgenic lines.
Significant differences were determined with Student’s t-test for each
set of materials.

Vector construction and genetic transformation

The DNA fragmentincluding the 2 kb promoter region of GY3was ampli-
fied from TQ with the primers CP-GY3-F and CP-GY3-R and inserted into
the complementation vector pPCAMBIA1301. The full-length ORF of GY3
was amplified from TQ by the use of primers GY3U-F and GY3U-R and
insertedinto the overexpression vector pU1301. To generate clustered
regularly interspaced short palindromic repeats (CRISPR)-associated
9 (Cas9) constructs for knockout of the solo-LTR in the GY3 promoter,
the OsU6a and OsU6b promoters were used to drive sgRNA contain-
ing the flanking target sequence of solo-LTR (OsU6a-sgRNA-LTR1 and
OsU6b-sgRNA-LTR2). Then, these two fragments were inserted into
the pCXUN-CAS9 vector®. These constructs were subsequently intro-
ducedinto 02428 calliby Agrobacterium-mediated transformation. To
generate GY3-knockout mutant, a CRISPR vector was constructed with
twotargets (gRT3-GY3 and gRT4-GY3) and introduced into Zhonghua
11 calli.

RNA extraction and expression analysis

Total RNA was extracted from various rice tissues using TransZol rea-
gent (TransGen Biotech). Genomic DNA was removed using DNasel (Inv-
itrogen) and first-strand complementary DNA was synthesized using
anM-MLV Reverse Transcriptasekit (Invitrogen). Reverse transcription
quantitative polymerase chain reaction (RT-qPCR) was performed
using gene-specific primers (Supplementary Data7) inareaction solu-
tion thatincluded FastStart Universal SYBR Green Master Mix (Roche)
onaQuantStudio 6 Flex Real-Time PCR System (Applied Biosystems).

Amino acid sequence alignments of LOGs

LOG protein sequence was used to search for LOGs in rice, maize and
wheatwith BLASTP (https://www.ncbi.nlm.nih.gov/), while ClustalX2
was used to realize amino acid sequence alignment. There are three
copies of LOGs in wheat, while only the ones with the most similarity

or the longest sequence were selected for sequence alignment. The
secondary structure information of aligned sequences was rendered
in ESPript 3.0 software (https://espript.ibcp.fr/ESPript/ESPript/).

Recombinant enzymes and enzyme assays

The coding sequences of GY3and An-2were amplified from cDNA (via
primers pET-28a-GY3-F/R, pGEX-6P-1-LOGL6-F/R) (Supplementary
Data 7) and inserted into pET-28a and pGEX-6P-1 with His-tagged and
GST-tagged sequences, respectively. GY3 and An-2 were expressed
in the Escherichia coli BL21 (DE3) strain under the induction of 1 mM
isopropyl-D-thiogalactopyranoside (IPTG) in LB media for 24 h at
16 °C. GY3 and An-2 protein purification was conducted in Ni-NTA
Agarose Resin (Thermo Fisher Scientific) and glutathione Sepharose
beads (GE Healthcare) to purify recombinant proteins according to the
manufacturers’ protocols. The enzymaticactivity of the GY3, An-2 and
recombinant proteins was measured by incubating 2 pg of purified GY3
and An-2 proteins in a reaction mixture consisting of 50 mM Tris-HCI,
1mMMgCl,and1 mMdithiothreitol (DTT) (pH 6.5) with different sub-
strate contents of iPRMP at30 °Cfor 2 h. We alsoused iPRand iP as the
substrates for the identified enzyme activities of GY3 and An-2 under
the same reaction conditions. All the reaction products were purified
through an Oasis MCX column (Waters Corporation Milford). The prod-
ucts were measured witha LC/MS system (Agilent 6520 Accurate-Mass
Q-TOF LC/MS; Agilent Zorbax C18, 4.6 mm 350 mm) under the condi-
tions described by ref. 44. One unit of enzyme activity was defined as
the amount of enzyme that produced 1 pmol of products per minute
under thereaction conditions. V,,,, is defined as the maximum reaction
rateatagivenamountof enzyme. K. is defined as number of substrates
converted by each enzyme molecule per minute. The K, values were
calculated using Lineweaver-Burk plots. All cytokinin substrates and
standard substances were purchased from OlChemim (Olomouc).

DNA methylation analysis

Genomic DNA from young panicle (<2 mm) tissues (02428 and
02428-TQ°") were extracted using CTAB method. The CpGislandsites
and BSP primers (Supplementary Data 7) in the promoter of GY3were
predicted and designed with MethPrimers (http://www.urogene.org/
cgi-bin/methprimer/methprimer.cgi), respectively. DNA was treated
by bisulfite conversion method using EpiTect Bisulfite Kit (Qiagen).
And PCR products using BSP primers were inserted to the pEASY-Blunt
cloning vector (TransGen Biotech) and sequenced for more than
30 clones. The reference sequence and corresponding clones’
sequence were submitted to an online bisulfite analysis tool (Cytosine
Methylation Analysis Tool for Everyone; https://www.cymate.org/
cymate.html) for calculating the DNA methylation level of each con-
text. For the whole-genome bisulfite sequencing (WGBS), the bisulfite
conversion of DNA, library construction and sequencing were per-
formed at the Beijing Genomics Institute. The raw WGBS data were
treated by Fastp (v.0.20.1) and mapped to the MH63RS2 (O. sativa
ssp. indica cv. Minghui 63)*° and Nip (O. sativa ssp. japonica cv.
Nipponbare)*® reference genome by Bismark (v.0.23.1) using default
parameters*. The uniquely mapped reads were retained for DNA
methylation level analysis. The DNA methylation level of each cytosine
was obtained by dividing the depth of methylated reads by the total
coverage of individual cytosines.

Enhanced chromatinimmunoprecipitation sequencing
library preparation and analysis

Young panicle (<2 mm) tissues (02428 and 02428-TQ") were
crosslinked with 1% formaldehyde for 10-15 min and quenched with
0.2 M glycine at room temperature. Approximately 0.2 g of samples
were ground in liquid nitrogen into fine powder and used for each
eChlIP-seqassay according to the previously study*®. After chromatin
was fragmented by sonication, 20 pl of supernatant was used as the
input for each sample. For subsequent assay, ChIP was performed
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using antibodies against the following: H3K4me3 (ABclonal, A2357),
H3K9me2 (Abcam, ab1220), H3K27me3 (ABclonal, A2363) and H3K27ac
(ABclonal, A7253). ChIP DNA libraries were prepared using a VAHTS
Universal DNA Library Prep Kit for MGI (NDM607-01) according to the
manufacturer’sguidelines. And the ChIP DNA libraries were sequenced
using a MGISEQ-T7 system (paired-end 150 bp reads).

After quality control, the paired-end reads were mapped to
MH63RS2 and Nip genomes using Bowtie2 (v.2.4.5) with the default
parameters*’. The BAM mapping files were processed with SAMtools
v.1.10 and the ‘picard MarkDuplicates’ in Genome Analysis Toolkit
(GATK) (v.4.2.2.0) was used to mark and remove the duplicate reads
produced by PCR duringlibrary construction®*and MACS2 (v.22.2.7.1)
was used for peak calling.

Quantification of endogenous cytokinin

Young panicle (<2 mm) tissues (02428, 02428-TQ", 02428-CP,
02428-0F and 02428'™*%) were collected for cytokinin content analy-
sis. The endogenous cytokinin contents were determined by Wuhan
Greensword Creation Technology, based on liquid chromatography
tandem mass spectrometry analysis according toapreviously reported
method with minor modifications®. The contents were determined by
threetechnical replicates with threeindependent biological samples.

Protein structure prediction and docking

The structure of GY3 and An-2 was predicted in an online server
(https://www.alphafold.ebi.ac.uk/) and the docking with iPRMP
using AutoDockTools (v.1.5.7) and vina (v.1.2.0) according to the users’
guideline® ™,

RNA insitu hybridization

To determine the transcripts of GY3, OSH1, OsRR6 and Histone H4,
probesforeachgeneweretranscribed by SP6 and T7 RNA polymerasein
conjunction witha DIG-labeled nucleotide mixture (Roche). Sections of
02428 and 02428-GY3™were placed on the sameslides for each probe.
The hybridizations were performed at 50 °C for 16 h and the colors
were developed and visualized by NBT/BCIP stock solution (Roche).

Data acquisition and solo-LTR insertion detection

Two pairs of primers were designed to identify the solo-LTR insertion
genotype withinadiverse global collection of 533 O. sativa accessions
and 95 parents of commercial indica hybrids. The primer pair (CL1F/R)
resultedinthe generation of aPCR product of 628 bp with the template
of the TQ allele without solo-LTR insertion, whereas no PCR products
were generated for 02428 because the primer pair-defined region
spans a 4.5 kb segment due to the solo-LTR insertion. The primer pair
CL1-2F and CL1IR generated a PCR product that was 529 bpinlength for
02428 with asolo-LTR insertion, whereas no PCR products were gener-
ated for TQ because it lacked the complementary sequence of primer
CLI1-2F designed on the basis of the solo-LTR sequence. To detect the
solo-LTR insertion states in Oryza species, the raw sequencing data
of 3,010 rice genome accessions®, O. glaberrima accessions® and
wild rice accessions from OryzaGenome (http://viewer.shigen.info/
oryzagenome2detail/about/about.xhtml) were downloaded from
the European Bioinformatics Institute (ftp://ftp.sra.ebi.ac.uk/). We
used the phylogenetictree of wild Oryza AA species and O. sativafrom
International Oryza Map Alignment Project (IOMAP)***° constructed
by the neighbor-joining method based on genome sequence. After
quality control, the paired-end reads were mapped to the reference
genome Nip using Burrows-Wheeler Aligner (BWA; v.0.7.17) with the
default parameters®’. The BAM mapping files were processed with
SAMtools (v.1.10) and ‘picard MarkDuplicates’ in GATK was used to
mark and remove the duplicate reads produced by PCR during library
construction®. The Manta (v.1.6.0) pipeline® was used for calling large
structural variants and InDels from the paired-end sequencing reads
ofeachaccession.

Introgression analysis

Toacquire SNPs for subsequent analysis, the GATK (v.4.2.2.0) Variant-
Filtration with the default parameters was used to call SNPs. A sliding
window of 100 kb and a step length of 50 kb were implemented to
calculate the F¢; values with VCFtools (v.0.1.16). The ABBA-BABA test
was used to search for evidence of ‘gene flow’ in the form of excess
shared derived alleles between two populations (Jap®, Ind*) and an
outgroup (O. rufipogon). These populations have arelationship with
(Uap®, (Ind, Ind")), Ruf). The D and f,,, values were calculated accord-
ing to the methods of refs. 58,59, respectively. Each D and f;,, value
was calculated for a sliding window with a size of 200 kb and a step
length of 100 kb. The R package ggmap*® was used to plot the map in
Fig. 4. The SNPs were phasing with Beagle (v.5.1)°° and the haplotype
blocks were extracted with plotHaps in vcflib (v.1.0.1)* and plotted
withR (v.4.0.2).

Statistics and reproducibility

All statistical analyses were performed in R (v.4.0.2). The two-sided
paired Student’s ¢-test was conducted using function of ‘t.test’ with
parameter of ‘test.args = two.sided’ in R package ggsignif®’. The mul-
tiple comparison was determined with Duncan’s test method in the
agricolae® package of R. The RT-qPCR amplifications were made with
three technical replicates for at least three independent biological
samples and the rice ubiquitin gene (LOC 0Os03g13170) was used for
normalization. RNAinsitu hybridization has performed at least three
slides for each probe and each slide had continuous sections. Similar
transcript patterns observed in most sections of each slide wereimaged
for presentation.

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

Data availability

Sequence data from this study can be found in GenBank under acces-
sion number PRJEB6180, SRX502298-SRX502317 and SRX502162-
SRX502255 for 3,010 diverse accessions, 20 African cultivated rice
accessions and 94 accessions of O. barthii, respectively. The eChlp-
seq sequence data and BED files were deposited in the NCBI Gene
Expression Omnibus withaccession number GSE231360. The reference
genome of MH63RS2 and Nipponbare can be found in Rice Information
GateWay (http://rice.hzau.edu.cn/rice_rs2/) and The Rice Annotation
Project (https://rapdb.dna.affrc.go.jp/). All data are available in the
main text or the Supplementary Information and Supplementary Data.
Source data are provided with this paper.

Code availability
All software used in the study are publicly available as described in
Methods and Reporting Summary.
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Extended Data Fig. 1| Plant architecture and yield performance of
near-isogeniclines of G¥Y3. a-d, Comparison of whole plant (a), panicle

(b), primary branch (c¢) and panicle architecture (d) between 02428 and
02428-GY3™ at maturation stage. Bars, 5 cm. e—q, Performance of grainyield
per plant (e), secondary branches per panicle (f), spikelets per panicle (g), grains
per panicle (h), plant height (i), tillers per plant (j), heading date (k), primary

branches per panicle (1), panicle length (m), 1000-grains weight (n), seed setting
rate (0), biomass weight per plant (p) and harvest index (q) between 02428 and
02428-GY3"™ r, Relative expression level of GY3in leaves at seedling stage.

Data are means + SE (n =30 for e-q, n =3 for r). Pvalues were calculated by
two-sided paired Student’s ¢-test.
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Extended Data Fig. 2| Improvement of the yield performance of TQ and its
related hybrid by GY3°%*?%, a-d, Performances of whole plant (a), panicle (b),
branch (c) and panicle architecture (d) of TQ, TQ-GY3°***® and their hybrids with
G46B at maturation stage, Bars, 5 cm. e, Genetic constitution of TQ-GY3%*?%
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Extended Data Fig. 3| Natural variations and complementation test of GY3.
a, Gene structure and sequence variations between 02428 and TQalleles.

b, Schematic representation of the complementing (CP) and over-expressing
(OE) constructs of GY3. c-n, Comparisons of yield-related traits including grain
yield per plant (c), secondary branches per panicle (d), spikelets per panicle
(e), grains per panicle (), tillers per plant (g), primary branches per panicle
(h),1000-grains weight (i), panicle length (j), seed setting rate (k), biomass per

plant (I), harvest index (m) and plant height (n) between 02428 and 02428-CP
lines. For box plots in c-n, the box limits indicate the 25th and 75th percentiles,
whiskers further extend by +1.5 times the interquartile range from the limits of
eachbox, and the center line indicates the median, individual data points are
plotted (n =29, 29,23 and 21 for 02428, 02428-CP_1,02428-CP_2 and 02428-CP_3,
respectively). Pvalues were calculated by two-sided paired Student’s ¢-test.
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Extended Data Fig. 4 | Performances of the over-expressor of GY3.

a-d, Comparisons of whole plant (a), panicle (b), primary branch (c) and panicle
architecture (d) between 02428 and 02428-OE plant. Bars, 5 cm. (e) Expression
level of GY3in the leaves of 02428 and 02428-OE plants at seedling stage. Data are
means + SE (n = 4). f-q, Performances of tillers per plant (f), primary branches per
panicle (g), secondary branches per panicle (h), panicle length (i), spikelets per
panicle (j), grains per panicle (k) 1000-grains per plant (I), seed setting rate (m),

grainyield per plant (n), biomass per plant (0), harvest index (p) and plant height
(q) of 02428 and 02428-OE plants. For box plots in f-q, the box limits indicate the
25thand 75th percentiles, whiskers further extend by +1.5 times the interquartile
range from the limits of each box, and the center line indicates the median,
individual data points are plotted (n =29, 30, 32 and 29 for 02428, 02428-OE 1,
02428-0OE_2 and 02428-0OE_3, respectively). Pvalues were calculated by two-sided
paired Student’s ¢-test.
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Wb1 2.fq.gz; E100059645 L01 57 2.fq.gz; Wb2_2.fq.gz; E100059645 L01 58 2.fq.gz; Wh3_2.fq.gz;
E100059645 101 59 2.fq.gz; Wb4 2.fq.gz; E100059645 101 60 2.fq.gz; Wh7_2.fq.gz; 100059645 L01 63 2.fq.gz;
Wb8_2.fq.gz; E100059645 LO1 64 2.fq.gz; Wb5_2.fq.gz; E100059645 101 61 2.fq.gz; Wh6_2.fq.gz;
E100059645 101 62 2.fq.gz

Not involved

Each sample was conducted two independent replicates.

More than x10 depth for each sample

H3K4me3 (ABclonal, A2357), H3K9me2 (Abcam, ab1220), H3K27me3 (A2363), and H3K27ac (ABclonal, A7253).

The peak calling used the default parameters

The peaks called in 02428 H3K4me3 (25165 peaks and 26256 peaks ), 02428 H3K9me2 (26783 peaks and 24837 peaks),

02428 H3K27me3 (14389 peaks and 13303 peaks), 02428 H3K27ac (29195 peaks and 28242 peaks),NIL-GY3_ H3K4me3 (26990
peaks and 27109 peaks), NIL-GY3_H3K9me2 (50904 peaks and 52004 peaks), NIL-GY3_H3K27me3 (16515 peaks and 15867 peaks),

NIL-GY3_H3K27ac (35258 peaks and 34494peaks) at FDR 5% .

Bowtie2 (v2.4.5) for eChIP-seq mapping; SAMtools v1.10 for BAM files process; “picard MarkDuplicates” in GATK (v4.2.2.0) used for
mark and remove the duplicate reads; MACS2 (v2 2.2.7.1) used for eChlP-seq peak calling
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