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Oryza rufipogon, the wild progenitor of Asian cultivated rice Oryza sativa, is an
important resource for rice breeding’. Here we present a wild-cultivated rice

pangenome based on 145 chromosome-level assemblies, comprising 129 genetically
diverse O. rufipogon accessions and 16 diverse varieties of O. sativa. This pangenome
contains 3.87 Gb of sequences that are absent from the O. sativa ssp. japonica cv.
Nipponbare reference genome. We captured alternate assemblies thatinclude
heterozygous information missing in the primary assemblies, and identified a total

of 69,531 pan-genes, with 28,907 core genes and 13,728 wild-rice-specific genes.

We observed a higher abundance and a significantly greater diversity of resistance-gene
analoguesinwild rice thanin cultivars. Our analysis indicates that two cultivated
subpopulations, intro-indica and basmati, were generated through gene flows among
cultivarsin South Asia. We also provide strong evidence to support the theory that
theinitial domestication of all Asian cultivated rice occurred only once. Furthermore,
we captured 855,122 differentiated single-nucleotide polymorphisms and 13,853
differentiated presence-absence variations between indica and japonica, which
couldbe traced to the divergence of their respective ancestors and the existence
ofalarger genetic bottleneck injaponica. This study provides reference resources

for enhancing rice breeding, and enriches our understanding of the origins and
domestication process of rice.

Asian cultivated rice (Oryza sativa L.) was domesticated from its wild
progenitor O. rufipogon, and is one of the mostimportant food cropsin
theworld? Increasingriceyield is crucial to address global challenges
and meet the food demands driven by rapid population growth and
environmental changes®. The geographically and genetically diverse
O. rufipogon species is a key genetic reservoir that contains valuable
stress-resistance and weed-competitiveness traits for the genetic
improvement of modernrice'.

Since the draft genomes of O. sativa ssp.japonica and O. sativa ssp.
indica cultivars and the first completed rice reference japonica Nip-
ponbare genome were released* %, a large number of comprehensive
genome studies on diverse varieties of cultivated rice have been per-
formed’™°. Asingle reference genome cannot fully represent the genetic
diversity of aspecies and might hinder functional genomics research™.
Pangenome studies offer comprehensive insights into genetic diversity,
species evolutionand cultivarimprovement™. Rice pangenome studies
have been performed using large-scale next-generation sequencing®.
Advancesinsequencing, and especially inlong-read technology, have
improved rice pangenome research by enabling more accurate identi-
fication of structural variations (SVs) and a comprehensive depiction
of genetic diversity™ .

Population genetics studies have revealed that ancientjaponicarice
was first domesticated fromthe O. rufipogon group Illa (Or-Illa) popu-
lation in China, and that indica rice was subsequently domesticated
when ancientjaponica spread southward and westward in Asia and
crossed with the local O. rufipogon group 1 (Or-I) population'?, Build-
ing on this, the model of ‘multiple origins but single domestication’
for different rice subspecies was proposed®. The construction of the
first syntelogue-based rice pangenome further supported the single
domestication hypothesis®. Amultiple-origins model of rice was also
proposed, which suggested separate and independent domestications
for japonica, indica and O. sativa ssp. aus®>**. However, current rice
pangenome research focuses mainly on cultivated populations, and
investigations of diverse wild resources, especially O. rufipogon, are
lacking. Therefore, constructing a high-quality O. rufipogon pangenome
is essential for guiding futurerice breeding strategies and understand-
ing the evolutionary and domestication pathways.

In this study, we construct a comprehensive O. rufipogon-0. sativa
pangenome reference of 145 chromosome-level genomes, mainly
using PacBio high-fidelity (HiFi) sequencing. We accurately identify a
wide range of sequence variations and fully annotate gene models and
transposable elements (TEs) across the genomes of both cultivated
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and wild rice. We examine sequence diversity by capturing alternate
assemblies that include heterozygous information not present in the
primary assemblies of 133 HiFi genomes. We perform a deep analysis
of complex gene flows both within cultivars and between cultivars and
wildrice, delineating the evolutionary and domestication pathways of
various rice types. Our study provides strong evidence supporting the
hypothesis that the initial domestication regions of all Asian cultivated
rice had amonophyletic origin from Or-Illa, the ancestor of japonica.
Our findings shed light on the genomic changes that occurredin culti-
vated rice during its origin and domestication processes, and provide
valuable resources forimproving rice varieties in terms of yield, qual-
ity, environmental adaptability and resistance to disease and stress.

De novo assembly of 149 rice genomes

To capture the inherent genetic diversity across cultivated and wild
rice, we selected a representative set of 149 samples from a previous
study” (Supplementary Table 1). This set comprised 145 genetically
and geographically diverse varieties, including 16 O. sativa cultivars
and 129 O. rufipogon accessions from abroad geographical range span-
ning approximately 20 countries (Fig.1aand Supplementary Table 2).
By comparing highly conserved chloroplast genomes, we re-identified
threeaccessions as Oryzalongistaminata (0L2296,01L3101and OL3102)
and one as Oryza meridionalis (OM1952), which were considered as
outgroups for subsequent evolutionary studies (Supplementary Fig.1).
Ofthe selected samples, 133 accessions were deeply sequenced using
PacBio HiFitechnology, and the remaining 16 accessions were sequenced
using Oxford Nanopore Technologies (ONT). The average sequencing
depths reached approximately 103.0-fold for ONT and 24.2-fold for
PacBio HiFi (Supplementary Table 3). The raw data obtained fromboth
sequencing methods were carefully assembled using various strategies
to obtain high-quality genomes (Methods), as evidenced by an aver-
age contig N50 0f 14.95 Mb and an average LTR assembly index (LAI)*
of 24.13. The robustness of these assemblies was further validated
by BUSCO (benchmarking universal single-copy orthologues) assess-
ments, yielding an average score of 98.55% (Supplementary Table 1).
The average quality value (QV)* assessments for the assemblies were
24.55for ONT and 57.92 for PacBio HiFi, highlighting the high accuracy
of HiFi sequencing (Supplementary Table 3). It should be noted that
the Nipponbare genome, assembled with HiFi reads, was stringently
quality-checked against both the previously established IRGSP-1.0 ref-
erence genome and the telomere-to-telomere (T2T) assembly?. Our
assembly had 141,775 bp mismatches and 54,873 insertions and dele-
tions (indels) (245,980 bp) compared withIRGSP-1.0,and only 32,731 bp
mismatches and 42,154 indels (96,331 bp) compared with the T2T-NIP
assembly. We also compared some assembly quality indicators of 534M
(anindicacultivar, also called WSSM, R534) with that reportedinapre-
vious study' (Supplementary Table 4). These findings affirmed the
precision and reliability of our sequencing and assembly approaches.
Moreover, we achieved chromosome-level assembly for 30 represent-
ative species using high-throughput chromatin conformation capture
(Hi-C) sequencing data. On average, 97.25% of the contigs were accu-
rately ordered, oriented and curatedinto 12 chromosome-scale scaffolds
(Supplementary Fig.2aand Supplementary Table 5). These assemblies
showed significant collinearity with the reference genome (Supplemen-
taryFig. 2b). When comparing the anchored pseudo-chromosomes with
Hi-Cgenomes, we found that only 0.07% of regions were non-syntenic,
indicating high consistency between the assemblies achieved by the
two methods. This comparison confirmed the effectiveness of the
collinearity-based approachfor attaining chromosome-level assembly
acrossallaccessionsinour study (SupplementaryFig. 3). In conclusion,
we achieved reference-level genome sequences, providing a valuable
resource for pangenome construction and evolutionary analysis.
Using the 7-base telomeric repeat as a sequence query in our analy-
sis revealed an average of 19 telomeres per genome. Notably, most

genomes lacked the telomere on the short arm of chromosome 9
(Supplementary Fig. 4a), indicating an unresolved gap region, owing
potentially toalarge rDNA array of nearly identical 45S rDNA repeats?.
In addition, we used sequence homology to CentO satellite repeats
for pinpointing CentO enriched regions in each chromosome. We dis-
covered that the homology of CentO sequences in each species was
concentrated predominantly at 155 bp and 165 bp (Supplementary
Fig. 4b). Moreover, within each chromosome, there was a consider-
able similarity in CentO sequences (Supplementary Fig. 4c), a pattern
consistently observed across both cultivated and wild rice species®.
In our quest for amore exhaustive representation of sequence diver-
sity, alternate assemblies (a-contigs) were also captured from133 HiFi
genomes (Fig.1b and Supplementary Fig. 5). These a-contigs contained
heterozygous information that was absent from the primary assem-
blies (p-contigs). Notably, the size of a-contigs in cultivated rice was
significantly smaller than that in wild rice (Supplementary Fig. 6a,b),
reflecting a lower heterozygosity rate in the former (Supplementary
Table 6). This observation is consistent with the fact that O. sativais a
predominantly self-pollinating species. Furthermore, the size of these
a-contigs seemed to be influenced by the degree of uniform distribu-
tion of heterozygous loci, as evidenced in Supplementary Fig. 6c,d.

Gene annotation and characterization of RGAs

Usinganintegrated approach ofhomology-based, transcriptomic and
abinitio predictive methods, we annotated genes across each genome
inthis study (Methods). Each genome contained about 40,273 genes,
withanaverage length of 2,566 bp and adensity of around 99.15 genes
per Mb (Supplementary Table 1). Compared with wild rice, cultivated
rice genomes showed notable reductions in both genome size and
gene number, with ahigher gene density implying reduced TE content
(Fig.1c-e).Onaverage, 92% of the genes of each variety contained func-
tional domains, and 72% of them were expressed in at least one tissue
(includingroots, leaves, seedlings and panicles). In HiFigenome assem-
blies, gene annotation was also performed on the a-contigs to identify
arange of 199 to 41,230 genes, amounting to a total of 10,521 genes
missinginthe p-contigs (MIP genes) (Fig.1b,f, Supplementary Fig.5and
Supplementary Table 6). Notably, anaverage of 57.26% of the genes on
the a-contigs were heterozygous alleles, with differentially expressed
allelesaccounting for19.61%,18.75%, 31.54% and 20.71% inroots, leaves,
seedlings and panicles, respectively (Supplementary Table 7).

Owingtolong-term natural selection, wild rice is highly resistant to
biotic and abiotic stress, and is thus a natural repository of resistance
alleles. Notable examples from O. rufipogon include the bacterial blight
resistance gene Xa23 (ref. 29), the brown planthopper resistance gene
bph19(t) (ref. 30) and the white-backed planthopper resistance gene
Bph38 (ref. 31). To assess the content of resistance-gene analogues
(RGAs) inwild and cultivated rice, we predicted receptor-like protein
kinases (RLKs), nucleotide-binding-site-encoding proteins (NBSs),
transmembrane coiled-coil (TM-CC) proteins and receptor-like pro-
teins (RLPs) on the basis of their conserved structural characteristics
(Supplementary Table 8). We observed a slightly higher abundance
butasignificantly greater diversity of RGAsin O. rufipogon, averaging
1,710, compared with approximately 1,652 RGAs in O. sativa (Extended
DataFig.1a,b). Acknowledging the propensity of RGAs to form clusters
in the genomeY, we classified them as singletons, pairs or clusters,
depending on their chromosomal positions across different species.
We noted that singletons constituted the highest proportionin each
type of these RGAs (Extended Data Fig. 1c).

Tofurtherexploit theresources of RGAs, we identified atotal of 1,184
(51.12%) collinear lociin wild rice that have a higher average copy num-
ber than those in cultivated rice, with 638 (27.55%) loci being specific
to wild rice (Fig. 1g, Extended Data Fig. 1d and Supplementary Fig. 7).
Among theseloci, we found an RLK gene from O. rufipogon (Extended
Data Fig. 1e), LOC 0s07g35680, which was recently reported®*tobea
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Fig.1|Pangenome analysis 0of149 representative wild and cultivated rice
accessions. a, Geographical distribution of 133 wild rice accessions, with dots
coloured by group. Inset maps show enlarged views of West Africaand Australia.
Positive valuesindicate east longitude (°E) and north latitude (°N). b, Schematic
representation of p-contigs and a-contigs, showing gene models and variant
information from HiFi genome assemblies. c-e, Violin plots comparing O. sativa
(Os; n=16) and O. rufipogon (Or; n=129) varieties for nuclear genome size

(c), genenumber (d) and gene density (gene number per Mb) (e). The box edges
mark the 25% and 75% quartiles and the central line marks the median. Whiskers
extendtol.5times theinterquartile range (IQR). Statistical significance

was determined by two-sided Wilcoxon test; Pvalues are shown at the top.

f, Distribution of genes on a-contigs across 133 HiFi genomes, including

negative regulatory factor of rice blast disease mediated by OsMADS26.
There were many nonsynonymous variations between the resistant hap-
lotype (Y476) and the non-resistant (Nipponbare) haplotype (Extended
Data Fig. 1f). In our wild rice population, we discovered some acces-
sions that had the same haplotype as Y476 (Extended Data Fig. 1g).
Furthermore, we performed detailed analyses of another known
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0. longistaminata (Ol).g, Heat map showing RGA loci that have a higher average
copy numberinwildrice thanincultivatedrice, normalized using arow-wise
z-score method. Eachrow indicates an RGA locus, and each columnindicatesa
variety. h, Local synteny plot of Pi5Sloci (chr.9:9.65-9.79 Mbin the Nipponbare
reference genome) from 41 accessions. Pi5genes (Pi5-1, Pi5-2and Pi5-3) are
shownin greenwith collinearity represented by lines of different colours;
adjacentgenesare showninblue withgrey collinearity lines. i, Accumulation
curve of the number of pan-genes (uptrend lines) and core genes (downtrend
lines) across O. sativa (green; n =16) and O. rufipogon (purple; n =129) varieties.
The pie chart shows the gene proportions in the combined wild-cultivated
pangenome (n =145).j, Phylogenetic tree of the 180 Oryza varieties, on the
basis of single-copy genes. Diverse groups are denoted by colour-coded labels.

blast-resistance locus, Pi5, which comprises two NBS-leucine-rich
repeat (LRR) genes, Pi5-1 and Pi5-2 (ref. 33). Of note, the Nipponbare
cultivar also contains two Pi5 genes (Pi5-1 and Pi5-3); however, Pi5-3
lacks disease-resistance functionality. Through detailed homology
comparisons and synteny analysis, we identified several accessions,
particularly in O. rufipogon, that have this crucial resistance locus



(Fig. 1h and Supplementary Fig. 8). These results show that wild rice
varieties are rich in disease-resistance resources and can be used as
donors for developing highly resistant rice varieties.

Gene-based and graph-based pangenomes

Integrating genes from both a-contigs and p-contigs, we constructed
pangenomes for 16 O. sativa accessions, 129 O. rufipogon accessions
and a combined set of 145 taxa (Fig. 1i). The accumulation curves of
pan-genes showed a patternin which gene counts exhibited anotably
steeper increase with increasing accession numbers in the wild rice
pangenomes than in those of cultivated rice. This trend plateaued
after the inclusion of 125 accessions. Owing to the near-saturated
O. rufipogon accessions, the pan-gene number of 145 taxa revealed
atotal of 69,531 genes—more than several previously published rice
pangenomes™ " (Supplementary Table 9). In the wild—cultivated rice
pangenome, 41.57% (28,907) were core genes (present in all samples)
and 7.45% (5,181) were private genes (present in only one sample), of
which about 28.10% were expressed in at least one tissue. Notably,
13,728 genes (19.74%) were found exclusively in O. rufipogon. When
compared with the same number of cultivated rice genomes (n =129),
7,592 genes remained specific (Supplementary Table 10). These genes
were related to defence responses and ADP-binding processes, consist-
ent with our analysis of RGAs (Supplementary Fig. 9).

Byincorporating gene datafroma previously published pangenome
of 33 cultivated rice accessions', we identified a set of 844 single-copy
orthologues and constructed a phylogenetic tree (Fig.1j). Building on
our previous study”, subsequent analysis further divided O. rufipo-
gon into six distinct clades: Or-la, Or-1b, Or-II, Or-Illa, Or-Illb and
Or-unspecific. Clade Or-la was closely related to indica, and Or-llla
tojaponica, whereas Or-Illb and Or-1l showed more remote phylo-
genetic links to the domesticated cultivars. The group information
for several accessions was redefined according to their positions in
the phylogenetic tree (Supplementary Table 1). We further deduced
the demographic history and estimated the timing of these events in
O. rufipogon (Supplementary Fig. 10). These observations align well
with the above phylogenetic relationships.

To further obtain scalable and comprehensive genetic diversity, we
also constructed three base-level graph pangenomes for 15 O. sativa
accessions, 129 O. rufipogon accessions and acombined set of 144 cul-
tivated and wild rice species (Methods). The most expansive graph
pangenome showed atotal non-reference node length of 3.87 Gb (Sup-
plementary Table11). Theisolated pangenomes of cultivated and wild
ricerevealed thateach cultivated rice variety contributed an average of
more than17.47 Mb, whereas each O. rufipogon accession contributed
up to 29.72 Mb to the non-reference node length. Research in both
human®* and plant® genetics has shown that graph pangenomes are
more effective than linear reference genomes in calling all types of
genetic variant.

Extensive variation and TE analyses

Despite advances in characterizing genetic variants among O. sativa
and other wild species®>5192224 [arge-scale and accurate analy-
sis of the closely related O. rufipogon is still limited. Through align-
ment of sequencing reads and assembled contigs, we performed
high-confidence calling of single-nucleotide polymorphisms (SNPs),
small indels of fewer than 30 bp and SVs of more than 30 bp (includ-
inginsertions, deletions, inversions and translocations) across each
genome (Supplementary Table 12). Our cohort collectively encom-
passed 11.08 million SNPs,10.97 million smallindels, 362,194 deletions,
531,356 insertions, 4,495 inversions and 357,655 translocations, showing
amarked enrichmentinintergenicrepetitive regions (Supplementary
Fig.11). Most deletions spanned 30-100 bp, and insertions ranged from
30t01,000 bp. Notably, translocations and inversions tended to be

longer, especially inversions, with approximately 17% exceeding 50 kbin
length (Fig.2a). A previously reported'®**4.5-Mb inversion on chromo-
some 6 was also observedin our study within117 O. rufipogon accessions
(92%) and 10 O. sativa cultivars (62%) (Supplementary Table 13). Thiswas
further verified by mapping the Hi-C paired reads to the Nipponbare
genome and their corresponding genome assemblies (Supplementary
Fig.12a).It is worth mentioning that this inversion was also found in out-
groups, which suggests that the reference allele possibly first appeared
asthederived statein O. rufipogon (Supplementary Fig.12b). Moreover,
to capture abroader spectrum of wild rice diversity, we expanded our
populationbyincorporating newly sequenced and non-redundant sam-
plesfroma previous study? (Supplementary Table 14). We genotyped
genetic variants by mapping short reads onto the cultivated and wild
rice graph pangenome we constructed, yielding a dataset comprising
48,488,470 SNPs, 6,752,123 indels and 154,980 SVs (Methods).

We annotated TEs from all of the selected varieties in our study and
from 28 non-redundant Asian cultivated rice assemblies from a previ-
ously published pangenome analysis of 33 rice accessions' in detail,
and found thatlong terminal repeat retrotransposons (LTR-RTs), espe-
cially the Gypsy superfamily, were the most prevalent (Extended Data
Fig.2aand Supplementary Table 15), consistent with previous results.
Consideringallintact LTR-RTs across different groups of O. rufipogon,
the Copia superfamily exhibited amore modest but earlier expansion
approximately 100,000 years ago, whereas the Gypsy superfamily
underwent a significant expansion around 25,000 years ago, which
was particularly notable in the Or-Illa group (Extended Data Fig. 2b).
Our comparative analysis validated the positive correlation between
TE content and genome size (Extended Data Fig. 2¢). Oryza rufipogon
had an average TE content of 53.23%, which s slightly higher than that
in O.sativa (52.32%), and could explain the observed lower gene density
in O. rufipogon (Fig.1e). The Or-lllagroup was distinguished by its signi-
ficantly higher TE content, in contrast tojaponica, which had the lowest
TE content (Extended DataFig. 2d). A considerable portion of the differ-
enceingenomicsize between Or-lllaandjaponica, estimated at 78.90%,
was attributed to TEs—predominantly the Gypsy superfamily (57.78%),
most of which emerged within the past 200,000 years (Fig. 2b,c).

To construct a comprehensive pangenome TE library (Methods),
we found that 97% of Gypsy families differed by less than 250 kb in
length between Or-llla and japonica (Fig. 2d). However, 17 key Gypsy
families accounted for a notable 25.85-Mb disparity, ranking among
the most abundant in Or-llla (Extended Data Fig. 2e). In addition, we
calculated the solo-to-intact ratio for these families, ametricindicative
of TE removal throughillegitimate recombination®, This ratio sheds
light on the mechanisms behind the observed genomic disparities. Our
analysis revealed that in 9 out of 17 families, about 9 Mb of the dispar-
ity in Gypsy elements in japonica was due to element removal, and
the remaining difference of about 17 Mb was attributed to significant
amplification of Gypsy elements in Or-Illa (Fig. 2e). Overall, over the
past 200,000 years, certain Gypsy families within Or-llla have under-
gone substantial amplification, yielding a multitude of young, intact
elements that have significantly contributed to differencesin genomic
size. Moreover, japonica was subjected to severe genetic bottlenecks
andareductionin Gypsy elements owing toillegitimate recombination,
further accentuating the genomic size difference between the two.
We identified about 1,000 genes adjacent to these expanding Gypsy
familiesin Or-lIlla; these were enriched inmetabolic pathways—notably
those governing carbohydrate and terpenoid metabolism—as well as
cell-surface signal transduction processes (Extended Data Fig. 2f). This
suggests that they have a positive role in environmental adaptation
and disease-resistance processes>.

Evolution of Asian cultivated rice

The origin of O. sativa has been actively debated in the scientific com-
munity'**, To further address this complexity, our dataset has been
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Fig.2|Genomic variation and TE compositionin wild and cultivatedrice.

a, Fan charts showing frequency distribution by length for various SVs. b, Bar
chartillustrating the difference ingenome size and TE family size between

O. rufipogon (Or-1lla or Or-1a) and O. sativa (japonica or indica). Positive values
indicate larger sizesin O. rufipogon and negative values indicate larger sizes in
O.sativa.TIR, terminalinverted repeats; TRIM, terminal-repeat retrotransposon
inminiature. ¢, Expansion dynamics of intact Gypsy elementsin Or-1lla (blue;
n=31)andjaponica(green; n=19) over time. The barsrepresent the 75% and
25% quartiles; and the central circles indicate the median. Pvalues (two-sided
Wilcoxontest) are shown at the top (NS, notsignificant; **P < 0.01; ****P< 0.0001).
d, Size differencesinthe Gypsy family between O. rufipogon (Or-Illa or Or-la)

augmented with published high-quality genomic data'>'¢?** result-
ing in a comprehensive cohort of 280 individual varieties (Supple-
mentary Table 16). Using whole-genome SNP data, we constructed a
neighbour-joining phylogenetic tree and performed archetypal analysis
(Methods), for advanced evolutionary research (Fig. 3a,b). Population
structure analysis indicated that the origins of japonica and basmati
can be traced to Or-Illa; those of indica to Or-la; and those of aus to
Or-Ib, mainly from South Asia. These evolutionary relationships were
further confirmed through comprehensive evolutionary analyses of
our two expanded populations (Supplementary Figs. 13 and 14 and
Supplementary Tables 14 and 17). This enabled us to examine the
relationships among O. rufipogon classified by different methods**
andto addressthe ongoing debate about the origins of cultivated rice
(Supplementary Note 1).

basmati and aus, which are genetically distinct from japonica and
indica, are two subpopulations concentrated mainly in the Indian
subcontinent*®. basmati is known for its exceptionally fine grain
and pleasant aroma, whereas aus is highly tolerant to environmen-
tal stresses such as drought and heat**2. Wild rice exhibited a higher
nucleotide diversity (often referred to using the symbol ) and a faster
decay of linkage disequilibrium (LD) than did cultivated rice (Fig. 3c
and Supplementary Fig. 15a). Analyses of both fixation index (F¢;) and

666 | Nature | Vol 642 | 19 June 2025

—log,(P) (family size)

and O.sativa (japonicaor indica). ‘Or-larger’ families categorize those in which
Or-lllaor Or-lahas asize difference greater than 250 kb relative to japonica or
indica; ‘no-diff’encompasses families with size differences between -250 kb
and 250 kb. e, Scatter plot showing the classification of Gypsy families that are
largerin Or-11lagenomes thaninjaponica genomes. Each dot denotes a distinct
Gypsy family, withits size proportional to the family size difference between
Or-lllaand japonica.Boththexandyaxesare scaled by -log;,. Horizontal and
vertical black dashed lines indicate the threshold for the two-sided solo-to-
intactratio Student’s t-test and the family size Student’s t-test, respectively
(P=0.01).

individual-level pairwise genomic distance (DST) revealed that the
genomic distance between Or-la and indica is notably lower than that
between other domesticated rice groups and their wild progenitors
(Fig. 3c and Supplementary Fig. 15b). We found that Or-la had about
40 Mb of introgression fragments from indica (3,95110-kb windows
with similarity greater than 99.99%), which also exceeded that in the
comparison of other cultivated rice withits ancestral parents (Supple-
mentary Fig.16a), suggesting that there might be subsequent gene flow
fromindicainto Or-la(Supplementary Note 2). Gene flow from indica
was evidentin other wild rice clades; Or-unspecific is likely to have
emerged from a hybridization event between Or-ll and indica (Fig. 3b,
Supplementary Fig.16b and Supplementary Table 18). Subsequently,
we used the Fg;index to identify and exclude introgression regions
fromindicain Or-1(Or-laand Or-Ib). Our analysis revealed significant
divergence within the top 20% of F; regions between Or-land indica, in
which Or-laand Or-Ib persisted as separate branches (Supplementary
Fig.16c¢), indicating pre-domestication divergence and independent
origins of indica and aus.

The phylogenetic treerevealed aspecificindicalineage from South
Asia clusters with Or-Ib and aus (Fig. 3a). Admixture analysis showed
that, from K =4 to K =7, this lineage diverged from the rest of indica
owing to shared ancestral components with aus (Fig. 3b), suggesting
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branchesare colour-coded by group, and the external circles denote the
geographical distribution of each accession. b, ADMIXTURE clustering of280
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crossbreeding among cultivated rice varieties in South Asia. By combin-
ingintrogression and pairwise differentiation analyses, this indicaline-
age, dubbed ‘intro-indica’, was confirmed to be a hybrid of indica and

-

Intro-indica- Or-lb—
basmati  basmati
(n=77) (n=133)

T T
Or-lb- aus-
ro-indica intro-indica
(n=99)

T
indica-
aus
(n=281)

the colour of the edge represents F¢;. The colour of the node represents
thegroup, correspondingto the coloursina.d, Intro-indica and basmati
originated from admixture between cultivated rice in South Asia, asrevealed
by F;-admixture tests. Error barsrepresent the standard error (s.e.).

e f, Differencesinthe number of same windows (10-kb windows with >99.99%
similarity) whenintro-indica (e) and basmati (f) are compared with other
groups. Thebox edges mark the 25% and 75% quartiles and the central line
marks the median. Whiskers extend to1.5 X IQR. Statistical significance was
determined by two-sided Wilcoxon test; Pvalues are shown at the top.

aus (Fig.3d,e, Supplementary Fig.17a,b and Supplementary Table 18).
Moreover, basmatialso exhibited admixture betweenintro-indica and
Jjaponica (Fig.3d,f and Supplementary Table 18).
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Fig.4|Selective sweep and evolutionary routes of Asian cultivated rice.
a, Nucleotide diversity ratio (rr,/m.) and fixation index (Fs;) between wild rice
(Or-Illaand Or-1b) and cultivated rice (japonica, basmati, indica, intro-indica
and aus) along chromosome 4. Horizontal red dashed lines indicate genome-
wide thresholds of selection signals (In(rr,/m.) =1.09 and F¢; = 0.3).In the

line chart of f, value distribution, the populations Or-Ib, aus, japonica and
O.longistaminata are represented by the blue line, and the populations Or-la,
indica,japonica and O. longistaminataby the pink line. Highly differentiated
SNPsites (n=566,513) between Or-Illa (n=31) and Or-Ib (n=19) areindicated
in pink. Within six populations (japonica, basmati, Or-1a, indica, intro-indica
and aus), the major alleles matching Or-llla-specific alleles are blue, and those
matching Or-Ib-specific alleles are orange. b, Percentage of Or-llla-derived
fragmentsinthe whole genome andinselective sweep regions across major

Domestication of Asian cultivated rice

In the evolutionary narrative of Asian cultivated rice, another widely
debated topic is whether different groups of cultivated rice shared a
commoninitialdomestication event or underwentindependent domes-
tications®?*, Or-la is known to have experienced extensive gene flow
fromindica, which could confound the identification of domestication
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groups. ¢, ADMIXTURE clustering of 280 Oryza accessions, based on the SNPs
withintheselective sweep from K =2toK=4.d, Domestication state of 11known
domesticationgenesineachaccession.Eachrowindicates adomestication gene,
and each columnindicates anaccession. Colours correspond to population
groupsandregionsasdefinedinc.e, Overview of the evolutionary history of
Asian cultivated rice. Schematic outlining the key milestonesin the domestication
and improvement of various groups of Asian cultivated rice, highlighting
notable crossbreeding events. Dark green triangles represent domestication
genes. Ancestral genes are depicted aslight green triangles (from Or-Illa),
diamonds (from Or-la) and pentagons (from Or-Ib). Improvement genes are
shown with dashed-lineemerald green triangles (injaponica), pink diamonds
(inindica), and blue pentagons (in aus).

regions. Therefore, to accurately identify selective sweeps, we excluded
Or-laand retained only the progenitors (Or-Illaand Or-Ib) of other cul-
tivatedrice groups as the ancestral groups (Supplementary Figs. 18 and
19 and Supplementary Note 3). By genome-wide comparison of genetic
diversity ratios (m,/m.) and Fg; values between ancestral groups and
cultivated groups, we identified 50 loci with strong selection signals,
covering a total region of 12.35 Mb (Methods). In addition, beyond
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SNP-based analysis, we identified domestication-related presence-
absence variations (domPAVs) using Fisher’s exact tests to compare
PAV frequencies between both populations. This method effectively
captured most well-known domestication genes in the first stages of
rice domestication withinidentified selective sweep peaks or domPAV
hotspots, including Bh4 (hull colour)*?, PROGI (tiller angle)***, sh4
(seed shattering)*¢, OsCI (leaf sheath colour and apiculus colour)¥,
OsAMTL,1 (nitrogen-use efficiency)*®, OsG (seed dormancy)®, FZP
(panicle architecture)*®, OsLGI (panicle shape and ligule develop-
ment)*, An-1 (awn length)*?, An2 (awn length)**** and Rc (pericarp
colour)® (Fig. 4a and Supplementary Fig. 20).

We used differentiated SNPs between Or-lIllaand Or-Ib as markers to
trace the origin of domestication regions, revealing that many domes-
tication genesare situated within segments derived from Or-Illa, such
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Jjaponicadifferentiated QTNsin Or-llla, japonica, indica and Or-la. Each row
indicatesa QTNsite,and each columnindicates anaccession. The colours of
thealleletypesareasin c. Right, Sankey diagram showing the association
between aspecific gene (left) and the phenotypeit regulates (right). The colour
of eachleftstrand corresponds to different origins of indica-japonica
differentiated QTNs, and the colour of eachright strand corresponds to
different phenotypic categories.

asAn-1,0sAMTI;1and An-2 (Fig.4a). Selectiveregionsin cultivatedrice
showed a higher proportion of Or-1lla-derived segments, compared
with the whole genome, particularly in indica, aus and intro-indica,
indicating a monophyletic origin from Or-llla (Fig. 4b). In contrast
to the genome-wide patterns, archetypal and phylogenetic analyses
based on SNPs within these selective sweeps clearly showed that all
cultivars clustered together, and that the Or-llla population tended to
bethedirect origin of them'? (Fig. 4cand Supplementary Figs. 21-24).
Specifically, approximately 55.3% of the selective sweep regions in aus
were derived from Or-llla, the lowest proportion among all cultivars
(Fig. 4b), aligning with the idea that aus underwent a milder or differ-
ently directed domestication process®®. Owing to introgression from
aus, the proportion of Or-llla-derived segments in intro-indica was
lower than thatinindica. Similarly, introgression fromindicaresulted
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in Or-la showing higher similarity to cultivated rice within selective
sweeps.

To investigate whether the introgression events of indica and aus
derived from japonica were independent, we conducted an ABBA-
BABA analysis. The results confirmed gene flow from japonica into
both indica and aus, with no evidence of gene flow from indica to aus
(Supplementary Fig. 25a and Supplementary Table 19). We compared
thetop1-Mb, 3-Mb and 5-Mb introgression segments, as defined by the

fsvaluebetweenthe two groups. The overlap was only 20%,10% and 14%,

respectively, confirming distinct introgression events fromjaponica
to both indica and aus (Supplementary Fig. 20 and Supplementary
Fig. 25b). Consistent results emerged from pairwise comparisons of
representative varieties, in which indica and aus both showed higher
similarity to Or-lllawithin selective sweep regions, and aus possessed
unique segments from Or-lIlla (Supplementary Fig.25c,d). Collectively,
these findings reveal differences in the degree of introgression and
selection patterns between indica and aus, demonstrating that the
domestication regions in aus were not directly derived from indica.

The 11 well-characterized domestication genes mentioned above
provided crucial clues for tracing the early domestication history
of rice (Supplementary Note 4). Haplotype analysis revealed that all
domestication genesin cultivated rice shared amajor haplotype, which
was either directly linked to the haplotype of Or-Illa (such as sh4 and
PROGI) or linked through a haplotype composed mainly of japonica
(such as An-2) (Supplementary Fig. 26). This finding reinforced the
existence of ashared domestication eventin cultivated rice originating
from Or-llla. Variations between the major haplotype and the nearest
haplotypes of Or-lllawere also observed, which might be sites that were
selected for or linked to these functional sites during initial domestica-
tion (Supplementary Fig. 27). Although most of these sites have been
confirmedin previous studies, there are still some unknown potential
mutationsites that need further functional verification. Aligning hap-
lotype data with genealogies (Supplementary Fig. 28), we delineated
eachdomestication geneinto domesticated or ancestral states. Their
distribution across varieties, showninFig.4d, reflected domestication
patterns consistent with our deduced pathways. In detail, japonicawas
first domesticated from Or-lllainsouthern China', and then spread to
South Asia, whereit crossed with thelocal wild rice varieties Or-laand
Or-Ib, giving rise to indica and aus, respectively. Extensive hybridization
occurred among cultivated rice varieties in South Asia. Intro-indica
emerged from crosses between indica and aus, and intro-indica further
hybridized withjaponica, leading to the formation of basmati (Fig. 4e).

Divergence between indica and japonica

indica andjaponica, the two main subspecies of Asian cultivatedrice,
exhibited significant genetic differentiation (Fig. 3c). Our analysis
identified a total of 855,122 highly differentiated SNPs between 90
indica cultivars and 36 japonica cultivars. We also found 13,853 highly
differentiated PAVs between 26 indica cultivars and 13 japonica cul-
tivars. We further analysed the profiles of these differentiated varia-
tionsintheir respective ancestors, focusing on loci classified as major
alleles (withafrequency of 60% or higher). On the basis of this criterion,
approximately 77% of differentiated SNPs and 83% of differentiated
PAVs between indica and japonica in the ancestral populations were
used for further ancestral tracing analysis (Supplementary Table 20).
Notably, of the SNPs meeting the above conditions, 60.75% had already
differentiated between Or-Illa and Or-la; 30.40% and 2.43% were pre-
ferred injaponica and indica, respectively, with an additional 2.02%
and 4.18% representing novel mutationsinjaponica and indica (Fig. 5a).
Applying the same method, we observed a similar distribution pattern
in PAVs, which also showed a stronger preference injaponica. This sug-
gested thatalarger genetic bottleneck existed during the domestica-
tionofjaponica.Inindica, anotable proportion of preferred and novel
SNPs was found in exons, albeit with fewer nonsynonymous mutations

670 | Nature | Vol 642 | 19 June 2025

(Fig. 5b). Conversely, japonica exhibited a higher frequency of nonsyn-
onymous mutationsin both preferred and new mutations, exemplified
by the sterility gene HSA1b (ref. 56) (Fig. 5¢).

Ananalysis of 49 differentiated quantitative trait nucleotides (QTNs)
inindica andjaponica® showed that 51% and 37% of QTNs were derived
from ancestral differentiation and japonica preference, respectively.
These QTNs affected phenotypes that differentiate indica and japonica,
such as plant stature, grain size, heading date and fertility*® (Fig. 5d).
However, we discovered that ancestors exhibited minimal differences
incertain traits, such as stem height and grain shape (Supplementary
Fig. 29). Consequently, the ancestors of indica and japonica signifi-
cantly diverged about 0.1 million years ago (Supplementary Fig.10b).
Their divergence was further amplified by a particularly pronounced
geneticbottleneckinjaponica, whichhadacrucialroleintheir distinct
evolutionary paths.

Discussion

Wild rice faces critical threats from habitat destruction and limited
global dispersal, which hinders research and conservation efforts.
To address these challenges and preserve these resources, we con-
structed areference-level wild-cultivated rice pangenome, mainly
using PacBio HiFisequencing technology. This near-saturation dataset
encompassed 129 O. rufipogon accessions, capturing extensive genetic
diversity across a broad geographical distribution. Through precise
classification of O. rufipogon populations, we mapped the evolutionary
and domestication pathway leading to major cultivated rice groups,
including a newly defined subpopulation, intro-indica. Our analysis
contributes substantially to researchers’ understanding of rice origins
and domestication. Furthermore, we investigated the origin of key
functional genes of rice, particularly those involved in indica-japonica
differentiation, laying the groundwork for future studies that combine
beneficial genes from different rice subspecies. The development of
cross populations between O. sativa and O. rufipogon, combined with
investigations of domestication-related phenotypesin wild rice varie-
ties, enables the identification of new domestication genes, promoting
the de novo domestication of wild rice in an accelerated manner*.
Another key finding of this study is the identification of arice gene
pool containing 68,901 genes, of which about 20% are specific to wild
rice. These genetic resources can improve our understanding of rice
environmental adaptation, phenotypic plasticity and regeneration
potential®® (Supplementary Fig. 30 and Supplementary Note 5). By
bridging the gap between wild and cultivated rice genetics, our study
opens new avenues and provides useful wild rice resources for develop-
ing superior and more productiverice varieties. These improved varie-
ties couldincorporate valuable traits from wild rice species, potentially
enhancing their resilience to rapid environmental changes.
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Methods

Plant material and sequencing

Wesselected atotal of 149 rice accessions according to the phylogenetic
relationships of 1,529 accessions reported previously®, which were
preserved at the China National Rice Research Institute in Hangzhou,
China, and the National Institute of Genetics in Mishima, Japan. For
sampling, all accessions were cultivated in Lingshui County, Hainan.

We extracted genomic DNA from fresh leaves, which were then
immediately flash-frozen in liquid nitrogen and stored at -80 °C. HiFi
sequencing was performed on the Pacific Biosciences Sequel Il plat-
formfor133 accessions, and 16 accessions were subjected to nanopore
sequencing on the PromethION platform, following their respective
standard protocols. After removing low-quality reads, the average N50
lengths of pass reads were 16 kb for the HiFi-sequenced accessions
and 26 kb for the ONT-sequenced accessions. The sequencing yielded
6.8-17.4 Gb of HiFireads for the 133 rice accessions and 28.4-55.3 Gb of
nanoporereads forthe 16 rice accessions. The leaves of 142 rice acces-
sions were also used to extract genomic DNA and construct lllumina
libraries with a 350-bp insert size, which were then sequenced on the
HiSeq 4000 platform (Illumina). Detailed information on the geo-
graphical origins and sequencing coverage of these accessions can be
found in Supplementary Tables1and 2.

Weselected leaves at the seedling stage from 30 representative vari-
eties for Hi-C sequencing. Following the standard protocol, Hi-Clibra-
ries were constructed from these samples, which were subsequently
sequenced on the NovaSeq platform (Illumina).

Tissues were collected from various plant parts, including leaves
during vegetative growth from 149 accessions, roots from 146 acces-
sions, seedlings (about 15 days old) from 137 accessions and panicles
(3-5cm) from 122 accessions. RNA was then extracted using TRIzol
(Invitrogen). RNA sequencing (RNA-seq) libraries with an insert size
of 350 bp were prepared and sequenced on the HiSeq 4000 platform
(Illumina) according to the instructions provided.

Genome assemblies

We assembled the genomes of 133 accessions sequenced with HiFi
technology using Hifiasm® (v.0.16.0), with default parameters. This
process yielded both p-contigs and a-contigs. For seven accessions
sequenced with nanopore technology, we used NECAT® (v.20200803)
with default parameters for assembly. The remaining nine accessions
were assembled using NextDenovo® (v.2.1). To improve the consist-
ency and single-base accuracy of nanopore genomes, we used Racon®*
(v.1.0.0) for one round of polishing using nanopore reads, followed
by two rounds of polishing with NextPolish® (v.1.0.2) using Illumina
reads. To exclude organelle genomes, we aligned the chloroplast (NC
001320.1) and mitochondrion (NC011033.1and NC 001751.1) reference
sequences from IRGSP-1.0 against the assembly contigs of each acces-
sionusing MUMmer® (v.4.0.0beta2). Contigs showing more than 50%
coverage and measuring less than 500 kb were specifically targeted and
removed. The remaining contigs, attributed to the nuclear genome,
were subsequently evaluated and anchored to pseudo-chromosomes
using ALLMAPS®.

To achieve chromosome-level genome assembly, the obtained Hi-C
reads were aligned to contigs using Chromap®® (v.0.2.6). These align-
ments were then converted into bed or bam format by SAMtools®’
(v.1.20), and processed with YaHS™ (v.1.1). Subsequently, Hi-C contact
maps for visualization were generated by juice_tools (v.1.19.02), fol-
lowed by manual optimization with JuiceBox Assembly Tools” (v.1.9.8).

Evaluation of genome assemblies

To assess the quality of genome assemblies, we implemented several
indexes. First, we evaluated gene completeness using theembryophyta_
odb10 database, using BUSCO?(v.5.2.2), and repeat completeness on
thebasis of the LTR assembly index (LAI)%, using LTR retriever (v.2.9.0)

with parameters -maxlenltr 7000’. Furthermore, the overall assembly
quality (QV) was measured using Inspector? (v.1.0.1), areference-free
assembly evaluator. To round off our evaluation, the number of mis-
matches between the Nipponbare genome assembled in this study
and thereference genomes IRGSP-1.0 and T2T-NIP was assessed using
QUAST”(v.5.0.1).

For the syntenic analysis at the genome level between the Nip-
ponbare (IRGSP-1.0) genome and four representative genomes in
O.sativa (Gla4), O. rufipogon (W1943), O. longistaminata (OL3101) and
0. meridionalis (OM1952), we used the nucmer program from MUM-
mer® (v.4.0.0beta2). Syntenic blocks identified were filtered using
the delta-filter program with parameters “-i 85-15000 -0 85’ and then
visualized with the mumplot program.

We performed a comparative genomic analysis between chromo-
somes constructed using Hi-C technology and pseudo-chromosomes
obtained with the ALLMAPS method. At first, we aligned the genomes
using the nucmer program from MUMmer®. Syntenic blocks identified
were filtered using the delta-filter program with parameters -m’. Sub-
sequently, we compared alignments between two chromosome-level
assemblies and identified synteny blocks and structural rearrange-
ments using SyRI™ (v.1.4).

Structure and functional annotation of protein-coding genes
Three distinct strategies, comprising ab initio, homology-based and
transcriptome-based predictions, were integrated to generate the pre-
dicted gene models. For abinitio prediction, four different programs
were used: FGENESH+" (v.3.1.1), SNAP” (v.2006-07-28), GeneMark-ES”
(v.4.68 lic) and AUGUSTUS™ (v.3.3.2). In the homology-based predic-
tion, homologous protein sequences, sourced from the Rice Genome
Annotation Project database (v.7.0, http://rice.plantbiology.msu.
edu), were aligned to the assembled genomes using GenomeTh-
reader” (v.1.7.1). RNA-seq reads from four different tissues of each
accessionwere mapped to their respective assembled genomes using
HISAT2 (ref. 80) (v.2.0.5) and then assembled into transcripts with
StringTie® (v.2.0). We performed both de novo and genome-guided
RNA-seq assemblies using Trinity®? (v.2.12.0), subsequently aligning
them to the genome assemblies with PASA®? (v.2.0.1). By assigning
appropriate weights to every predicting method, we synthesized all
predicted gene structures into consensus gene models using EVidenc-
eModeler®* (v.1.1.1). The protein-coding annotations were assessed
using BUSCO (v.5.2.2).

For functional annotation of genes, InterProScan® (v.5.56-89.0)
was used to predict potential protein domains. For calculating gene-
expression levels, low-quality RNA-seq reads were first removed using
fastp® (v.0.23.0) with parameters *-130". Then, the filtered paired-end
reads were mapped against the index of decoy sequences, which
concatenated the genome to the end of the annotated transcripts,
using Salmon® (v.1.6.0) in mapping-based mode with parameters
I A--validateMappings --gcBias’. Finally, gene-expression levels were
quantified by counting the number of reads mapping to each transcript
and calculating the transcripts per million (TPM) values.

Identification of allelic and differentially expressed allelic genes
We developed a pipeline to discern allelic genes between p-contigs
and a-contigs within HiFi genome assemblies (Supplementary Fig. 31).
First, allelic gene pairs were determined to be reciprocal best hits using
GeneTribe® (v.1.2.0) with the default parameters. Subsequently, the
full-length sequences of genes from a-contigs underwent a BLASTN
(v.2.9.0+) search against those from p-contigs. Genes with both identity
and coverage values equating to 100% were classified ashomozygous
alleles, and all others as heterozygous alleles. Inaddition, genes present
ina-contigs but missingin p-contigs (MIP genes) were isolated on the
basis of two stringent conditions: (1) no hit when gene sequences from
a-contigs were aligned to p-contigs using BLASTN (v.2.9.0+) and (2) no
path found when the coding sequences (CDSs) from a-contigs were
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aligned to p-contigs using GMAP®® (v.2021-05-27). The other genes on

a-contigs that are not classified were defined as ‘others’.
Theidentification of differentially expressed allelic genes was based

onthree standards that must be simultaneously satisfied:

(1) TPM, gene/ TPM, gene > 2 OF TPM, gene/ TPM, gene < 1/2;

(2)NumReads, 4eno/(NumReads, gen. + NumReads, ze.) > 0.75 or
NumReads,, g/ (NumReads,, 4., + NumReads, qeqe) < 0.25;

(3)NumReads,, 4., + NumReads, g > 10.

Identification of RGAs

The RGAugury®® pipeline was used to predict the RGAs in 133 wild
rice accessions (including 129 O. rufipogon, 3 O. longistaminata and
10. meridionalis) and 129 cultivated rice accessions (Supplementary
Table 8). RGA candidates were identified and classified into four major
families on the basis of the presence of combinations of these RGA
domains and motifs: RLKs, NBSs, TM-CC proteins and RLPs. Con-
sidering that RGAs tend to cluster together in the genome, tandem
duplications were identified using the ‘jcvi.para.catalog’ module of
the MCscan® (Python version) pipeline, with the default parameters
based ontheirlocation onthe chromosomes. RGAsineachlocus were
categorized as singletons, pairs and clustersifthey numbered1,2 and
more than 2, respectively.

Collinear blocks for each accession relative to all others were con-
structed using the ‘ortholog’ tool of the ‘jcvi.compara.catalog’module
inthe MCscan (Python version) pipeline. Tandem genes were integrated
using the ‘mcscan’ tool of the ‘jcvi.compara.synteny’ module with the
parameter --mergetandem’. Then, all of the collinear blocks for each
accessionwith all others were joined to amatrix using the ‘join’ tool of
the ‘jcvi.formats.base’ module. Finally, a comprehensive RGA matrix
was created by merging, sorting and deduplicatingall collinear matrices
using a customscript.

Identification of centromeres and telomeres
The sequences of CentO satellite repeats in rice, which had been
reported previously®?, were aligned against nuclear genomes using
ClustalW?? (v.2.1). The generated alignment file was converted to
Stockholm format using an online sequence conversion tool (http://
sequenceconversion.bugaco.com/converter/biology/sequences/),
whichthenserved as theinputfor constructingan HMM file using the
‘hmmbuild’ function in HMMER® (v.3.1b2). Next, a homology search
was performed to identify the CentO repeats for each chromosome
across all accessions using nhmmer, with an E-value threshold set to
1x107°. We adopted the strategy of extracting one CentO repeat unit
atevery fiftieth interval on each chromosome to select some CentO
repeats for a subsequent similarity comparison across genomes using
MAFFT* (v.7.490). Subsequent phylogenetic analysis was performed
using IQ-TREE? (v.1.6.12), incorporating a bootstrap value of 1,000
for robustness.

To identify the telomere sequences in each chromosome, the tel-
omere sequence 5-CCCTAAA-3’ and the reverse complement of the
seven bases were searched directly by the custom script.

TE annotation

TEs 0f 149 chromosome-level genomes were identified by the EDTA”
(v.2.1.0) pipeline, using both a manually curated rice TE library
(rice6.9.5.liban) and the annotated CDSs of each genome. Then, indi-
vidualnon-redundant TE libraries, generated from each genome, were
combined with the curated TE library (rice6.9.5.liban) by panEDTA®,
leading to the formation of a comprehensive pangenome TE library.
This pangenome TE library was then used to reannotate whole-
genome TEs in our study’s 149 assemblies, as well as in 28 rice assem-
blies from a previously published pangenome of 33 cultivated
rice accessions' (excluding Oryza barthii, Oryza glaberrima, aus,
basmati and WSSM) using RepeatMasker (http://repeatmasker.
org) (v.4.1.2). The insertion time of each intact Gypsy and Copia

element was estimated using LTR _retriever®® (v.2.9.0) with default
parameters.

Inapreviousstudy¥, the dynamics of the LTR family were determined
by comparing family size and the ratio of solo-to-intact LTRs within
each family between two groups. Families showing significant differ-
encesinbothsizes and the solo-to-intact LTR ratio were categorized as
‘removal families’. We classified cases in which only the family size was
significantly different as ‘amplification families’. On the other hand,
if there was a notable change in the solo-to-intact LTR ratio without a
corresponding shift in family size, these were classified as ‘balanced
families’. Families that did not exhibit a significant difference in either
dimension were termed ‘drifting families’. To classify the dynamics of
Or-llla-larger Gypsy families, we first identified solo Gypsy elements
using the ‘solo_finder.pl’ script from the LTR_retriever package, and
obtained family information for the intact Gypsy elements from each
genome’s final annotation results. Then, the solo-to-intact ratio was
calculated by dividing the number of solo elements by the number of
intact elements within the Gypsy families. Finally, we applied Student’s
t-tests to compare the family size and solo-to-intact ratio between
Or-lllaandjaponica groups, with P < 0.01as the cut-off for significance.

We mapped the sequences of identified insertions and deletions to
the comprehensive pangenome TE library using BLASTN (v.2.12.0+). If
boththeidentity and the coverage reached 80%, the PAV was defined as
aTEinsertion polymorphism (TIP)*°. Toidentify the genes adjacent to
the Or-llla-larger Gypsy families, we mapped the gene sequences against
the TIP sequences containing the Or-llla-larger Gypsy familiesin each
Or-lllagenome. Genes with anidentity of at least 95% and a coverage of
atleast 50% were classified as adjacent to these families. Gene Ontology
(GO) enrichment analysis of these genes was performedin the R package
clusterProfiler (v.4.6.2), with P< 0.05 as the threshold for significance.

SV calling
We adopted three strategies to detect PAVs (large insertions and
deletions) in the 133 Hifi genomes. (1) We mapped HiFi reads to the
IRGSP-1.0 reference genome using pbmm?2 (https://github.com/
PacificBiosciences/pbmmz2/) (v.1.4.0) with the “--preset CCS’ parame-
ters. Then, pbsv (https://github.com/PacificBiosciences/pbsv) (v.2.6.2)
was used for variant calling of each accession with the parameters
‘--min-sv-length 30 --max-ins-length 100K --max-dup-length 100K'.
(2) We mapped HiFi reads to the IRGSP-1.0 reference genome using
minimap2 (ref. 100) (v.2.21-r1071) with the -x map-hifi’ parameters.
CuteSV'* (v.1.0.11) was then used for variant calling of each accession
with the parameters ‘--min_support 3 --min_size 30 --max_size 100000
--max_cluster_bias_INS1000 --diff _ratio_merging_INS 0.9 --max_cluster_
bias_DEL1000 --diff_ratio_merging DEL 0.5’. (3) We mapped assembled
contigs to the IRGSP-1.0 reference genome using minimap2 (ref. 100)
(version 2.22-r1071) with the parameters ‘-x asm5 —cs -r 2k’. For vari-
ant calling, SVIM-asm'® (v.1.0.7) was operated in ‘haploid’ mode, with
the parameters ‘-~min_sv_size 30 -max_sv_size 100000’. For obtaining
high-confidence variations, we merged all insertions within a 50-bp
range and deletions withinarange of 50% of their length using SURVI-
VOR'® (v.1.0.6). We reported only those variants that were corroborated
by at least two of the calling methods and for which there was a con-
sensus onthe variant type. To detect PAVsin 16 nanopore genomes, we
tailored our approach by using the second and third strategies of the
above method, with some modifications to suit the characteristics of
nanopore data: (1) the minimap2 (ref. 100) (v.2.21-r1071) parameters
for mapping nanopore reads were adjusted to ‘-x map-ont’; (2) the
parameters for CuteSV'®! (v.1.0.11) were modified to increase the mini-
mum supportthresholdto10; and (3) the minimum supporting caller
number in SURVIVOR'® (v.1.0.6) was adjusted to one.
Todetecttranslocations andinversions, we first aligned each pseudo-
chromosome to the reference genome across 149 genomes and then
used the SyRI™ (v.1.4) pipeline for variation calling. Per the classifica-
tions provided by SyRI, INV variants were categorized as inversions,
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incomparisonwith the Nipponbare reference. Both TRANS and INVTR
variants were categorized as translocations. To detect smallindels, we
extracted INS and DEL variants consisting of fewer than 30 bp.

SNP calling and annotation

We implemented both read-mapping-based and assembly-based
approachestoidentify SNPsusing Nipponbare asthe reference genome.
Forread mapping, we called SNPs through Longshot'** (v.0.4.1), using
thealignmentresults of reads by minimap2 (ref. 100) during the process
of PAV calling. Parameters were set to -c 3-D 3:10:50’ for HiFigenomes
and‘-c10-D3:10:50’ for nanopore genomes. For assembly-based calling,
we first aligned each contigto the reference genome using the ‘nucmer’
program and refined the alignments to one-to-one matches using the
‘delta-filter’ program. SNPs were then identified using the ‘show-snps’
program with the -C -I' parameters, all from the MUMMER package®®
(v.4.0.0beta2). To minimize false positives, we only considered SNPs
detected by both methodologies.

From a population of 280 accessions, including 132 long-read
sequencing genomes sourced from published studies (Supplementary
Table16), SNP calling was performed by mapping the assembled contigs
using MUMMER®® alone. We merged the resulting SNP datasets for each
sample using a custom Perl script. To compile a high-confidence SNP
dataset, we used the ‘VariantFiltration’ functionin the Genome Analysis
Toolkit'® (v.4.1.4.0) with the --cluster-window-size 10 --cluster-size
3 parameters. This dataset served as the basis for further evolution-
ary analysis. Finally, we annotated and predicted the effects of our
identified SNPs using SnpEff'°® (v.55.0), to ensure a comprehensive
understanding of their potential impact. The same method was also
applied to the population of 510 samples (Supplementary Table 17).

Pangenome construction
We performed all-versus-all CDS alignment in the pangenomes for 16
O. sativa accessions, 129 O. rufipogon accessions and a combined set
of 145 wild-cultivated rice accessions (16 O. sativa and 129 O. rufipo-
gon) using BLASTN (v.2.2.18). If a gene was aligned with at least 95%
identity and at least 50% coverage, it was considered present in the
corresponding genome. On the basis of their frequency, we classi-
fied genesinto the following four categories: core (those presentin all
individuals), soft-core (those presentin more than 90% of samples but
notall), dispensable (those presentin more than one but less than 90%
of samples) and private (present in only one accession). To achieve a
balanced comparison, weincorporated 113 non-redundant cultivated
rice genomes from 3 previously published pangenomic datasets to
match the size of the wild rice population (Supplementary Table 10).
Gene annotation was performed uniformly across all samples using a
consistent methodology. In the dataset comprising 129 O. rufipogon
and 129 O.sativa accessions, genes present exclusively in wild riceand
absentinall cultivated rice were defined as wild-rice-specific genes.
To construct three distinct pangenome graphs for our study, we
applied the Minigraph-Cactus pipeline'” to the assembled genomes
of 16 O. sativa, 129 O. rufipogon and a combined set of 145 accessions.
The first step involved using minigraph'®® (v.0.19-r551) to develop a
primary pangenome graph, capturing the SVs within theinput assem-
blies. Subsequently, these assemblies were remapped onto the primary
graph using minigraph'®®. The mapping results were then used as the
input for Cactus'® (v.2.2.1), which facilitated the generation of the final
graphs. We defined the graph size as the total length of all nodes, and
nodes that were notincluded in the reference genome (non-ref) were
defined as novel sequences. To call variants for 142 accessions from our
study (the remaining 6 samples lacked next-generation data) and 407
newly sequenced samples (33 O. sativa and 374 O. rufipogon or Oryza
nivara) from another study® (Supplementary Table 14), the lllumina
short paired-end reads from each accession were mapped against the
graph-based cultivated-wild pangenome using vg giraffe** (v.1.43.0).
The variations were then called using DeepVariants™ (v.1.6.1) with the

NGS model, and all individual variants were merged using GLnexus™
(v.1.4.1-0-g68e25e5).

Phylogenetic tree construction

Chloroplast genomes are very conserved across different species
and are frequently used to construct phylogenetic evolutionary
trees, which can be instrumental in studying species classification
and understanding their evolutionary relationships'2. To assemble
chloroplast genomes of wild rice in our study, the HiFireads were first
aligned to the reference chloroplast genome of Nipponbare (Gene
BankID: GU592207.1) using minimap2 (ref. 100) (v.2.21-r1071) with the
‘-x map-hifi’ parameters. Chloroplast-derived reads with higher than
70% coverage were then extracted using a custom Perl script. The final
assembly of the chloroplast genome was then performed using hifiasm®
(v.0.16.0) with default parameters. Locally collinear blocks among 72
assembled chloroplast genomes, along with published chloroplast
genomes of 0. barthii (KF359904.1), Oryzaglumipatula (NC_027461.1),
O. longistaminata (NC_027462.1), O. meridionalis (OV049999.1),
O. rufipogon (NC_017835.1) and Nipponbare, were identified for con-
structing multi-sequence alignments using HomBlocks™?. The phy-
logenetic tree was then constructed using IQ-TREE* (v.2.2.0.3) with
1,000 bootstraps. On the basis of the results, we re-identified three
accessions of O. longistaminata and one of O. meridionalis.

We performed an all-versus-all comparison of the amino acid
sequences of protein-coding genes using DIAMOND™ (v.2.0.15). These
genes were from 149 genome assemblies and 31 assemblies (excluding
the same species NIP and WSSM) from a cultivated rice pangenome'®.
The alignment results were then input into OrthoFinder™ (v.2.5.4) to
find orthogroups and orthologues. Using 844 identified single-copy
orthologues, we constructed a gene-based maximum-likelihood phy-
logenetic tree using IQ-TREE* (v.2.2.0.3) with 1,000 bootstraps.

To determine the phylogenetic relationships of three populations,
including wild rice and cultivated rice (Supplementary Tables 14, 16
and 17), we first converted the SNP VCF files into tfam format using
PLINK™® (v.1.90b6.9 64-bit). After this, akinship matrix was generated
using EMMAX" (v.beta-07Mar2010) with the ‘-v-h -s-d 10’ parameters.
The neighbour-joining phylogenetic tree was then constructed using
the PHYLIP package (https://phylipweb.github.io/phylip/) (v.3.66).
For visualizing the resulting phylogenetic trees, the interactive tool
iTOL"8 was used.

Archetypal analysis

We first identified core SNP subsets of three populations, including
wildriceand cultivated rice (Supplementary Tables 14,16 and17), each
exhibiting a minor allele frequency of more than 0.05 and a missing
rate of less than 0.8, using VCFTools™ (v.0.1.16). Further refinement
was done using PLINK"® (v.1.07) to exclude SNPs with substantial LD
(r? > 0.5) in eachssliding window (in windows of 100 SNPs within steps
of 10 SNPs). Archetypal analysis'* of these SNP sets was performed
with the parameters “-tolerance 0.0001 --max_iter 400’

Calculations of , Fg;, LD and DST

The nucleotide diversity (i) of each group and the fixation index (Fs;)
between different groups were both estimated using VCFTools™’
(v.0.1.16) with a window size of 100 kb and a step size of 10 kb. The
genome-wide LD decay pattern for each group was calculated using
PopLDdecay' (v.3.42) and plotted using the Plot_MultiPop.plscriptin
the PopLDdecay package with parameters ‘-bin1500-bin2 7000 -break
5000'. DST was calculated using PLINK"® (v.1.07) with the ‘--genome’
and ‘--genome-full’ options. Heat plots of 1-DST matrices were made
with the ggplot2 packageinR (v.4.1.3).

Demographic history inference
We used MSMC2 (ref. 122) (v.2.1.4) to infer the population separation
history. Our analysis began with the preparation of a negative mask
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file for the coding region of IRGSP-1.0 (MSU7.0) and a mappability
mask file using seqbility (http://Ih3lh3.users.sourceforge.net/snpa-
ble.shtml) (v.20091110) and makeMappabilityMask.py. The phased
SNP sites with uniquely mapped reads and mean coverage depths
greater than threefold were acquired using Longshot'* (v.0.4.1) and
the high-quality regions of each genome were acquired using the fil-
tered results of show-snps from MUMmer®® (v.4.0.0beta2). The MSMC2
input files were constructed by merging VCF and mask files using the
‘generate_multihetsep.py’ script. Because O. rufipogon naturally uses
both cross-pollination and self-pollination, we followed an established
approach of constructing pseudodiploids, which has been widely used
insimilar studies ofinbreeding species such as Caenorhabditis'*, Arabi-
dopsis thaliana™, soybean' and African wild rice*'?. We randomly
selected four samples fromeach population and treated each sample
asasingle haplotype. We then paired chromosomes from haplotypes
withinthe same populationto construct pseudodiploids. The popula-
tionsplitinference focused on2individuals (4 haplotypes) per group,
calculating median population split times based on 50 random combi-
nations for each comparative analysis. Amutation rate of 8.09 x10~° per
site per generation'® and a generation time of one year were applied
to estimate demographic history.

Introgression analysis

We used TreeMix'?’ (v.1.13) to infer population admixture graphs for
major groups of O. rufipogon (Or-llla, Or-la and Or-Ib) and O. sativa
(fjaponica, basmati, indica, intro-indica and aus) from East Asia and
South Asia. Oryza officinalis (CC genome), O. longistaminata and
0. meridionalis were set as outgroups to construct the phylogenetic
tree. We systematically varied the number of migrations from 0 to 10,
performing 10 iterations. For each migration event, TreeMix was exe-
cuted by randomly sampling approximately 80% of the SNP loci using a
randomseed, applying the ‘-global -k 500’ parameters for global allele
frequency estimation. The optimal number of migration edges (m =4)
was determined using the R package OptM™° (v.0.1.6).

To detect potential admixture events of the form (target; sourcel,
source 2), we performed an F;-admixture test using the qp3Pop pro-
gram in ADMIXTOOLS™! (v.7.0.2). Under the null hypothesis that the
target population is not a mixture of populations related to source 1
andsource2, the expected F; statistic would yield anon-negative mean.
A negative mean of the F; statistic, on the other hand, would suggest
admixture in the target population, with genetic contributions from
groupsrelated tosourcelandsource 2. Az-score below -3 was consid-
ered indicative of significant admixture in population C.

Using a four-taxon model (((P1, P2), P3), PO), we calculated the
D-statistic to perform the ABBA-BABA test, using the script calcu-
late_abba_baba.r (https://github.com/palc/tutorials-1/tree/master/
analysis_of_introgression_with_snp_data/src). With O. longistaminata
designated as the outgroup, our analysis revealed a significantly posi-
tive D-statistic (P < 0.01), suggesting introgression between P3 and
P2.To delve deeper into introgression segments between indica and
aus fromjaponica, we computed the f; statistic across the genome
in100-kb sliding windows with a step size of 10 kb, using the script
ABBABABAwindows.py from genomics_general toolkit (https://github.
com/simonhmartin/genomics_general). The minimum number of SNPs
per window was set to 250, and the minimum proportion of samples
genotyped per site was set to 0.4. The f, < 0 values are converted to
zero, and f,>1values are converted to 1. Finally, to assess the congru-
ence of introgression regions between indica and aus fromjaponica,
we catalogued the putative introgression segments within the top 10,
30 and 50 100-kb windows.

Pairwise differentiation comparison

To quantify the genetic similarities between the two groups, we
performed acomprehensive analysis of all possible pairwise combina-
tions of varieties. We focused on identifying ‘same windows’, defined

as those with a similarity exceeding 99.99%. The similarity index for
each10-kb window was calculated using the following formula:

Similarity = (10,000 — Num ¢ — Num,,,)/10,000.

Here, Num is the number of differing SNPs, and Num,,,, is the
number of sites with missing data within each window. This method-
ology was also applied to predict potential introgression fragments
betweentwo taxa. For this purpose, we selected arepresentative variety
from each group and mapped out the count of different SNPs (that
was termed as pairwise differentiation) across 10-kb non-overlapping
windows within specified regions.

Identification of genomic selective sweep

To detect selective sweeps associated with artificial selection during
domestication, we calculated 17,4/ M.uiivares aNd For using VCFtools™
(v.0.1.16) with a100-kb sliding window and a10-kb step. After this, we
used BEDTools"* (v.2.30.0) with the parameter ‘-d 30000’ to merge
overlap regions that were identified within the top 5% of two values.
Itis worth highlighting that our analysis was restricted to Or-llla and
Or-1b as representatives of the wild rice groups, given the extensive
gene flow observed in Or-la from indica. The cultivated rice category
encompassed indica, japonica, aus and basmati. Phylogenetic tree
constructionand archetypal analysis based on the SNPs within identi-
fied selective sweeps were in keeping with the above methods for whole
genomes. Toidentify domPAVs, we performed atwo-sided Fisher’s test
comparing wild and cultivated rice’, considering PAVs with a false
discovery rate (FDR)-adjusted P < 0.05 as significant.

To trace the origins of domestication regionsinrice, we firstidenti-
fied 566,513 differentiated SNPs between 31 Or-llla accessions and
19 Or-Ib accessions, exhibiting an allele frequency greater than 0.8.
We then assessed the major alleles, which have a frequency of 90% or
higher, at these SNP sites within the Asian cultivated rice groups and
Or-la.Ifthe major allele matched that of Or-Illa, the SNP was classified
asoriginating from Or-llla; otherwise, it was classified as deriving from
Or-Ib. The whole-genome distribution was visualized using RectChr
(https://github.com/BGI-shenzhen/RectChr) (v.1.36).

Haplotype analysis and construction of phylogenetic trees of
domestication genes

To construct phylogenetic trees of domestication genes, we selected
11representative genes known for their roles in the early stages of rice
domestication, as documented in published literature. Using GMAP%
(v.2021-05-27), we extracted gene region sequences or gene regions
along with their specified upstream and downstream regions from the
280 rice accessions in this study. These sequences were then aligned
using MAFFT* (v.7.490), applying the parameter ‘--maxiterate 1000’
to optimize alignment accuracy. For phylogenetic tree construction,
we extended model selection followed by tree inference with 1,000
bootstrap replications using IQ-TREE® (v.2.2.0.3), and set O. officinalis
(CCgenome), O. longistaminata, O. meridionalis and O. glaberrima
as outgroups. In the haplotype analysis phase, we filtered the intron
sequences without candidate functional sites or QTNs for haplotype
analysis and visualized haplotype networks using the R package gene-
HapR™*(v.1.1.9) after manually trimming the alignment sequences. Our
analysis retained haplotypes with a frequency greater than two and
those closely related to the major haplotype for clarity.

Identification of indica-japonica differentiated variations

We identified SNP sites with highly differentiated alleles between 90
indica cultivars and 36 japonica cultivars, requiring that they must
have anallele frequency higher than 0.9 inboth groups. We identified
atotal of 855,121 indica-japonica differentiated SNPs. To ascertain the
ancestral origin of these SNPs, we analysed the states of major alleles
(frequency > 0.6) in their respective ancestral groups and divided
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them into six categories (Supplementary Table 20). We also applied
the same standard to identify 13,853 indica—japonica differentiated
PAVs between 26 indica cultivars and 13 japonica cultivars.

Distribution maps

The geographicalrecords of all wild rice in the study were obtained by
collecting field samples. Approximate latitude and longitude informa-
tionontheir distribution ranges was used for spatial mapping, and this
canbefoundinSupplementary Table 2. The distribution map was gener-
ated using the open-source Python tool GeoPandas™ (v.0.14.4) (BSD-
3-Clause licence), with base map layers derived from a public-domain
Natural Earth dataset (https://www.naturalearthdata.com/).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All raw sequencing data, transcriptome data and Hi-C data gener-
ated in this study have been deposited in the European Nucleotide
Archive under the BioProject accession number PRJEB73710. The
whole-genome-sequencing data reported in this paper have been
deposited in the Genome Warehouse in the National Genomics Data
Center (NGDC)"*', Beijing Institute of Genomics, Chinese Academy
of Sciences—China National Center for Bioinformation with the BioPro-
jectaccession number PRJCA024131. All assemblies with annotations,
variant VCF files and graph pangenome files are available at Figshare'
(https://doi.org/10.25452/figshare.plus.25697817) and the RicePandb
database (http://ricepandb.ncgr.ac.cn). The embryophyta_odb10 data-
base, used for genome completeness assessment, was downloaded
from https://busco-data.ezlab.org/v4/data/lineages/. Source dataare
provided with this paper.

Code availability

All of the analysis scripts used in this study are available at GitHub
(https://github.com/dongling-hub/Wild-rice-Pangenome-Project)
and Zenodo™ (https://doi.org/10.5281/zenodo.14881729).
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Extended DataFig.1|Characterization of RGAs in wild and cultivatedrice.
a,Numbers of each RGA type across different populations. b, Differences in
RGA number between O. sativa (n=129) and O. rufipogon (n=129). The 25%
and 75% quartiles are marked by the lower and upper box edges inbox plots,
withthe medianrepresented by the central line. Whiskers extend to 1.5 IQR.
Statistical significance was assessed using two-sided t-tests, with Pvalues
labelled above the plots. ¢, Percentage of singleton, pairs and cluster genes
acrossRGA types.d, Local synteny plotinthe22.85-22.86 Mb on chromosome
3inNipponbare from 77 accessions. Pink boxes indicate RLK orthologues
(LOC_0s03g41130) ineach accession and green lines show their collinearity.

T1.T/AC

Boxesinother coloursindicate other adjacent genes and grey lines indicate
theirrespective collinearity. e, The landscape of several RGA loci exhibits a
higheraverage copy numberinwild rice compared with cultivated rice. The
locus containing the disease-resistance gene LOC_0s07g35680, designated as
0G464,ismarked inred.f, Distribution of nonsynonymous mutations between
disease-resistant (the haplotype of Y476) and non-resistant (the haplotype

of Nipponbare) variantsin LOC_0s07g35680. g, Haplotype analysis of
nonsynonymous mutations in LOC_0s07g35680 among our wild rice population,
with the disease-resistant haplotype (HO06) markedinred.
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Extended DataFig.2| Composition of TEs in wild and cultivatedrice.
a,Lengthofeach TE typeacrossdifferent populations. b, Distribution of
insertion times for the intact Gypsy superfamily (solid lines) and Copia (dotted
lines) superfamily in major groups of O. rufipogon. The colour of thelinein
thegraphrepresentsdifferent groups of wild rice. Two vertical dashed lines
represent the peak of amplification times of Gypsy (about 25,000 years ago)
and Copia (about100,000 years ago) in the Or-Illa. ¢, Correlation between the
length of TEand assembly size. Various groups are represented by coloured
dots, with the dot size proportional to the percentage of TE content. Alinear
regression line along witha95% confidenceintervalisalso depicted, illustrating

therelationship between these two parameters. d, Comparative TE lengths
across major O. rufipogon and O. sativa groups. Pvalues between populations
using two-sided Wilcoxon tests are labelled above the plot. e, Length comparison
of top 20 Gypsy families between Or-1lla and japonica. Families with names
inboldindicate those exceeding 250 kbinlength in Or-11la as compared with
Jjaponica.f, GO enrichment analysis for genes adjacent to expanding Gypsy
families in Or-111a. The x axis quantifies the generatio, and the y axis lists the
GOterms.Bubblesizereflects the count of genes associated with the function,
andits colourindicates the significance level (the adjusted Pvalues).
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Illumina NovaSeq.
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Software are listed as follows:
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6. identification of allelic genes and differential expression allelic genes:GeneTribe(version 1.2.0),BLASTN (version 2.9.0+), GMAP (version
2021-05-27)
7. identification of resistance gene analogs: RGAugury, MCscan (Python version).
8. annotation of transposable elements: EDTA (version 2.1.0), panEDTA, RepeatMasker (version 4.1.2), LTR_retriever (version 2.9.0), R
package clusterProfiler (version 4.6.2).
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9. SV calling: pbmm?2 (version 1.4.0), PBSV (version 2.6.2), minimap2 (version 2.21-r1071), CuteSV (version 1.0.11), SVIM-asm (version 1.0.7),
SURVIVOR (version 1.0.6), SyRI (version 1.4).

10. SNP calling: longshot (version 0.4.1), minimap2 (version 2.21-r1071), MUMMER package (version 4.0.0beta2), GATK (version 4.1.4.0),
SnpEff (version 55.0).

10. pan-genome construction: BLASTN (version 2.2.18), minigraph (version 0.19-r551), Cactus (version 2.2.1), vg giraffe (version 1.43.0),
DeepVariants (version 1.6.1), GLnexus (version 1.4.1-0-g68e25e5).

11. evolutionary analysis: HomBlocks, DIAMOND (version 2.0.15), OrthoFinder (version 2.5.4), IQ-TREE (version 2.2.0.3), PLINK (version
1.90b6.9 64-bit), EMMAX (version beta-07Mar2010), PHYLIP (version 3.66), iTOL, VCFTools (version 0.1.16), archetypal-analysis, PopLDdecay
(version 3.42), R (version 4.1.3), Python (veresion 3.8.10), BEDTools (version 2.30.0), RectChr (version 1.36).

12. demographic history inference: MSMC2 (version 2.1.4), seqbility (version 20091110).

13. gene flow analysis: TreeMix (version 1.13), R package OptM (version 0.1.6), AdmixTools (version 7.0.2), genomics_general toolkit.

14. haplotype analysis: GMAP (version 2021-05-27), MAFFT (version 7.490), R package geneHapR (version 1.1.9).

15. Distribution map: GeoPandas (version 0.14.4), numpy (version 1.26.4), pandas (version 2.2.2), matplotlib (3.8.4)

16. All the analysis scripts used in this study are available at Github (https://github.com/dongling-hub/Wild-rice-Pangenome-Project) and
Zenodo (https://doi.org/10.5281/zenodo.14881729) repository.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All raw sequencing data, transcriptome data and Hi-C data generated in this study have been deposited in the European Nucleotide Archive (ENA) under the
BioProject accession number PRJEB73710. The whole genome sequence data reported in this paper have been deposited in the Genome Warehouse in National
Genomics Data Center (NGDC), Beijing Institute of Genomics, Chinese Academy of Sciences/ China National Center for Bioinformation with the BioProject accession
number PRJICA024131. All assemblies with annotations, variant VCF files and graph pangenome files are available at Figshare (https://doi.org/10.25452/
figshare.plus.25697817) and the RicePandb database (http://ricepandb.ncgr.ac.cn). The embryophyta_odb10 database, used for genome completeness assessment,
was download from the https://busco-data.ezlab.org/v4/data/lineages/. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnicity, or not applicable
other socially relevant

groupings

Population characteristics not applicable
Recruitment not applicable
Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size PacBio HiFi: 133 samples; Nanopore: 16 samples; Hi-C: 30 samples; lllumina: 696 samples. We built the pan-genome based on 145
representative accessions in our study. We selected this number of populations because they sufficiently cover the genetic and geographic
distribution of both Oryza rufipogon and Oryza sativa. These materials are evenly distributed within an evolutionary tree that includes a larger
set of approximately 1500 samples.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

€20z |udy




Data exclusions  No data was excluded.

Replication The study primarily focuses on genome assembly and evolutionary analyses, relying on genetic data and computational models rather than
experimental protocols that would necessitate replication.

Randomization A randomized complete block design was used in planting.

Blinding All accessions were only labeled by numbers when planting and data collection.
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|Z| Crops and/or livestock
|:| Ecosystems
X[ ] Any other significant area

Hazards Please describe the agents/technologies/information that may pose a threat, including any agents subject to oversight for dual use research of
concern.

For examples of agents subject to oversight, see the United States Government Policy for Institutional Oversight of Life Sciences Dual Use Research of Concern.
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Does the work involve any of these experiments of concern:

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
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Precautions and benefits

Biosecurity precautions

Biosecurity oversight
Benefits

Communication benefits

Plants

Describe the precautions that were taken during the design and conduct of this research, or will be required in the communication and
application of the research, to minimise biosecurity risks. These may include bio-containment facilities, changes to the study design/
methodology or redaction of details from the manuscript.

Describe any evaluations and oversight of biosecurity risks of this work that you have received from people or organizations outside of
your immediate team.

Describe the benefits that application or use of this work could bring, including benefits that may mitigate risks to public health,
national security, or the health of crops, livestock or the environment.

Describe whether the benefits of communicating this information outweigh the risks, and if so, how.

Seed stocks

Novel plant genotypes

Authentication

We selected a total of 149 rice varieties according to the phylogenetic relationships and geographic distribution from a previously
reported population, which were cultivated in Lingshui County, Hainan.

We only collected wild accessions and cultivars in this study. No novel plant were used.

All samples were from the China National Rice Research Institute in Hangzhou, China, and the National Institute of Genetics in
Mishima, Japan.
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