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Wild species of crops serve as a valuable germplasm resource for breeding of
modern cultivars. Rice (Oryza sativa L.) is a vital global staple food. However,
research on genome evolution and diversity of wild rice species remains lim-
ited. Here, we present nearly complete genomes of 13 representative wild rice
species. By integrating with four previously published genomes for pangen-
ome analysis, a total of 101,723 gene families are identified across the genus,
including 9834 (9.67%) core gene families. Additionally, 63,881 gene families
absent in cultivated rice species but present in wild rice species are discovered.
Extensive structural rearrangements, sub-genomes exchanges, widespread
allelic variations, and regulatory sequence variations are observed in wild rice
species. Interestingly, expanded but less diverse disease resistance genes in
the genomes of cultivated rice, likely due to the loss of some resistance genes
and the fixing and amplification of genes encoding resistance genes to specific
diseases during domestication and artificial selection. This study not only
reveals natural variations valuable for gene-level studies and breeding selec-
tion but also enhances our understanding on rice evolution and
domestication.

Rice (Oryza sativa L.) is a crucial crop globally and serves as a key
model species for monocot and crop plant research’. Rice production
will need to double by 2050 in order to meet the demand of an
increasing world population®. To overcome the current production
bottleneck that has stunted rice yields, the presence and absence of
genes and interspecies allelic diversity should be exploited™*.

The Oryza genus comprises two cultivated rice species: Asian and
African rice, along with 20 extant wild rice species. These wild rice are
currently divided into 11 genome types: AA, BB, CC, EE, FF, GG, BBCC,
CCDD, HHJJ, HHKK, and KKLL. The different genome-type rice species
exhibit significant genetic and phenotypic diversity, which enables

them to adapt to various ecological environments across Asia, Africa,
the Americas, and Australia®®.

The availability of high-quality genome assemblies of cultivated
rice has allowed for a thorough characterization of structural variation
through comparative genomics analysis’®. Various studies have con-
tributed to the construction of pangenomes that integrate cultivars
and the AA genome of wild rice®. A total of 20,045 gene families were
generated from 111 cultivated rice, with 13,227 (65.7%) being core gene
families”. The pangenome of 33 cultivated rice comprised 66,636
genes with 20,374 (30.57%) core genes™. While another pangenome of
251-accession comprising both cultivated and AA genome wild rice,
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51,359 non-redundant genes were identified with 21,888 (42.61%) core
genes'®. Currently, there is a lack of high-quality reference genomes for
the majority of rice wild relatives and a pangenome of the rice genus.
To date, a small number of non-A type Oryza genomes have been
published to the chromosome level. O. granulata was assembled to the
chromosome level using gradient resequencing and PacBio SMRT
data. Analyses of the assembly revealed that positively selected genes
related to photosynthesis and energy production may have facilitated
the O. granulata tolerance to shade®. By using high fidelity (HiFi) and
HiC data, the allotetraploid O. coarctata was reported to have a gen-
ome size of 573.4 Mb and an N50 of 23.1 Mb", Yu assembled a high-
quality reference genome of O. alta, which enabled gene editing of
important agricultural traits determining genes and the de novo
domestication of allotetraploid wild rice®.

In this work, we de novo assemble genomes of 13 wild rice
accessions (Supplementary Table 1), along with two cultivated rice
subspecies, O. sativa (cv. Nipponbare, referred to as NIP, represent-
ing O. sativa ssp. japonica and R498 of O. sativa ssp. indica)'*", O.
glaberrima', and one common wild rice O. rufipogon®. We construct
a non-redundant gene set for the Oryza genus and reconstruct the
phylogenetic tree of this group. The expansion and contraction of
long terminal repeat (LTR) subfamilies influence genome size varia-
tion within the Oryza genus. We identify satellite repeats and analyze
the location, size, and repositioning of centromeres in rice. In addi-
tion, the assembled wild rice genomes facilitate the identification of
candidate genes and genomic variations in rice. Furthermore, we
identify genome-wide allelic variations based on collinear regions
compared to the NIP' reference genome and analyze gene expres-
sion affected by structural variants (SVs) or copy number variations
(CNVs). Pangenomic analyses assist in the identification of wild rice-
specific resistance (R) genes, which hold the potential to breed
disease-resistant rice cultivars. The Oryza genus pangenome pro-
vides breeders with a resource to improve cultivated rice and meet
future food demands.

Results

High-quality assemblies of 13 representative wild rice species
We selected 13 representative wild rice species, comprising six allote-
traploids and seven diploids, for de novo genome assembly. These
accessions exhibit significant variation in geographical distribution
and phenotype, as illustrated in Fig. 1a. We surveyed genome size and
heterozygosity by sequencing to an average of 100-fold coverage at
150 bp insert size for each species using Novaseq 6000. The estimated
heterozygosity ranged from 0.07% for O. branchyantha to 0.59% for O.
officinalis in diploid wild rice and from 0.13% in O. punctata (BBCC) to
1.04% in O. alta in tetraploid rice (Supplementary Table 2 and Sup-
plementary Fig. 1). Consequently, a total of 331.3 Gb of high fidelity
(HiFi) reads were generated for the 13 wild rice accessions, repre-
senting approximately 60-fold coverage relative to the NIP' genome
size of around 400 Mb (Supplementary Table 3). Through the inte-
gration of high-throughput chromosome conformation capture?®?, all
13 wild rice accessions were assembled to a near-complete level,
resulting in genome size ranging from 276.30 Mb to 1,059.66 Mb with
an average N50 contig size ranging from 21.56 Mb to 45.47 Mb (Table 1
and Supplementary Figs. 1, 2). The mapping of lllumina short reads and
HiFi reads to the 13 wild rice genome assemblies revealed high per-
centages of alignment, at more than 99.88% and 99.95%, respectively
(Supplementary Fig. 3). All samples exhibited values above 95%
towards the 1614 Benchmarking Universal Single-Copy Orthologs
(BUSCO) identified in these assemblies, with an average BUSCO score
0f 95.66% and 99.25% in diploid and tetraploid rice, respectively. A low
BUSCO value was observed in the subgenome, ranging from 89.7% for
0. grandiglumis | D, to 98.1% for O. latifolia | CZ* (Supplementary Table
4). Furthermore, an average LTR assembly index (LAI) of 23.64 was
calculated for all assemblies®, in addition to high consensus quality

values, indicative of their superior quality, continuity, and complete-
ness (Table 1 and Supplementary Table 5).

Gene structure annotation was performed using a combination of
de novo, homologous, and transcript prediction methods based on the
repeat-masked genome. The 13 wild rice protein-coding gene numbers
exhibited a 2.28-fold variation, varying from 37,711 variants in O.
branchyatha to 85,846 in O. minuta (Table 1). The transcript data
supported a high percentage (ranging from 71.1% to 87.7%) of the
predicted protein-coding genes, indicating the quality of the gene
annotations (Supplementary Data 1). A phylogenetic tree based on
3,555 single-copy orthologs grouped the 17 rice species into 5 clusters-
A, B, C, D/E, and F/G* (Fig. 1c). In addition, an Maximum Likelihood
tree using chloroplast data (13 chloroplast genomes in this study and 5
chloroplast genomes from GenBank) constructed to trace the mater-
nal progenitors of allopolyploid wild rice, revealed O. eichingeri as the
female parent of O. punctata (BBCC) (Supplementary Fig. 4). Trans-
posable elements (TEs) play a significant role in shaping large plant
genomes and driving genome evolution through periodic bursts of
amplification (Supplementary Fig. 5). The TE content in the 13 wild rice
genomes ranged from 35.11% (O. branchyantha) to 76.35% (O. aus-
traliensis), with long terminal repeat retrotransposons (LTR-RTs) being
the most abundant (Fig. 1d and Supplementary Data 2).

Unlocking untapped genes and hidden genomic variations using
the pangenome of the Oryza genus

The rice pangenome was expanded to include 16 species (17 sub-
species) in the Oryza genus, incorporating genomes from three AA-
genome Oryza species. A pangenome, constructed using OrthoFinder
analysis®, clustered 808,478 predicted gene models from 13 wild rice
species, along with three previously published AA genotype rice gen-
omes and a reference genome of O. sativa (NIP), resulting in a pan-
genome cluster of 101,723 predicted gene family models (Fig. 2a,
Supplementary Fig. 6 and Supplementary Table 6). A total of 9.66% of
gene families (9834) shared across all 17 rice accessions, were classified
as core gene families. Dispensable gene families, present in 2-15 indi-
viduals, made up 56.84% (57,822) of the Oryza genus pangenome,
while 33.48% (34,067) were identified as species-specific gene families
(Fig. 2a, b). Compared with cultivated rice, the pangenome con-
structed in this study provides an additional 63,881 gene families.

The 17 rice accessions, comprising 11 diploids and 6 allote-
traploids, were categorized into diploid genome types labeled A-G
(Supplementary Fig. 6). In addition, a syntenic pangenome was con-
structed to analyze variations among the 7 diploid genomes, which
revealed that core gene families shared across these genomes
accounted for 17.37% of the total gene sets. Dispensable families
accounted for 29.73% of the total gene sets (Supplementary Fig. 6 and
Supplementary Table 7), with the largest proportion represented by
private gene sets, unique to individual genome types, making up
52.90% of the total gene sets (Supplementary Table 7).

Within the Oryza genus, 81.14% of the core genes could be
assigned to protein domains available in the Pfam and InterPro data-
bases. This number was almost double the percentage of dispensable
genes (41.82%) and more than seven times higher than accession-
specific genes (10.83%) (Supplementary Fig. 7). An average of 92.40%
genes were expressed in the core genome, which is significantly higher
than the 63.31% of genes expressed in the dispensable genome and
52.15% in the private genome (Fig. 2d). Core genes exhibited 6- to 20-
fold higher expression levels compared to shell and private genes
(Fig. 2e), and this tendency was also reflected in gene length. Core
genes showed significantly lower (0.15-fold on average) pairwise non-
synonymous substitution/synonymous substitution ratios (Ka/Ks)
compared to the dispensable genes (Fig. 2f, g), indicating conservation
of function among core genes in the Oryza genus, while variable genes
evolved more rapidly. The average LTR insertion number per core
gene accounted for 80.98% and 48.89% for shell- and species-specific
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genes, respectively (Fig. 2i). This was likely due to the lower number of
exons per gene in accession-specific genes compared to dispensable
and core genes (Supplementary Fig. 8), suggesting that exon shuffling
or loss contributes to the specificity of genes of a species.
Intriguingly, the core genes in the Oryza genus are primarily
involved in fundamental functions such as transposition, iron ion
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binding, transport, and electron transport, indicating their role in
maintaining essential activities of the Oryza genus (Fig. 2h). Addi-
tional genomic analysis of the different genome type private genes in
rice was conducted to understand how they differ in term of func-
tion. The private genes of the A genome wild rice were enriched for
traits associated with resistance to heavy metals and salt. In contrast,
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Fig. 1| Geographical distribution and phylogeny of wild and cultivated rice.
a Geographic distribution of the 13 wild rice varieties and their diverse agronomic
characteristics, such as plant height. The font colors of wild rice species correspond
to the distribution on the world map. These 13 accessions covered 13 species in the
rice genus. b Panicle architecture of the 13 wild rice species. ¢ Phylogenetic tree
based on the conserved single-copy gene illustrates evolutionary history in the
Oryza genus. All the allotetraploid wild rice genome was split into subgenomes, the

ASTRAL concatenation-based species tree estimated by 3555 single copy genes
generated by Orthofinder. Numbers at nodes indicate the median value for the
divergence time (Mya) estimates for each clade. d TE content in each subgenome/
genome of the wild and cultivated rice. RNA transposons were presented as follows:
blue for LTR, yellow represents Helitron, pink indicates LINEs, orange shows SINEs,
and orange, blue stands for unclassified. DNA transposons were shown as wine.
Source data are provided as a Source Data file.

Table 1| Statics of the assembly and annotation of 13 wild rice species

Species Genome type Assembly size (Mb) Contig N50 (Mb) Anchoring rate (%) LAl Gene number Repeat region % of assembly
O. glumaepatula AA 393.8 1418 99.48 27.94 44,527 53.48%
O. punctata BBCC 925.4 32.88 99.92 21.79 85,475 57.48%
O. minuta BBCC 1018.0 40.18 99.96 19.64 85,846 60.97%
O. malampuzhaensis BBCC 982.3 32.72 99.93 19.18 85,302 60.38%
O. eichingeri cC 547.0 49.78 99.58 23.06 44,719 59.48%
O. officinalis CcC 605.7 42.85 98.12 28.99 44175 64.24%
O. rhizomatis CC 602.0 45.97 99.85 2413 44,596 65.70%
O.latifolia CCDD 1059.0 45.47 99.88 24.51 85,302 64.02%
O. grandigumis CCDD 906.1 21.73 99.87 21.87 81,960 60.12%
O. alta CCDD 920.3 29.38 99.27 2425 83,441 60.52%
O. australiensis EE 903.3 7.8 99.93 26.39 43,435 76.35%
O. branchyantha [FIF 276.3 21.56 99.32 1992 37,7M 35.71%
O. meyeriana GG 761.1 30.46 97.56 25.67 41,989 73.04%

the B genome wild rice carried traits that enable the plant to respond
to responses to oxidative stress. The C genome type wild rice private
genes were significantly enriched in the regulation of salicylic acid
and steroid hormones, contributing to their high resistance to var-
ious diseases. The D genome type wild rice private genes were sig-
nificantly associated with arginine synthase, which enables the plant
to sense and adapt to environmental changes. The E genome type
wild rice private genes were significantly involved in cellulose syn-
thase, which benefits large biomass production. The F genome type
private genes were significantly associated with defense responses.
Meanwhile, the G genome type rice-specific genes focused on elec-
tron transfer, which contributes to shade tolerance (Supplementary
Fig. 9). The Oryza genus pangenome opens the door for non-AA
genome wild rice resources to understand rice biology and improve
breeding.

Transposons contribute to genomic variation in Oryza

The selective removal and retention of TEs significantly influences
genome size, adaptation, and evolution of the Oryza genus®. None-
theless, the specific TE subfamilies that influence Oryza genome size
remain unresolved”. To address this, a classification of TEs within the
Oryza genus was conducted, along with an in-depth analysis of the
expansion profiles of LTR subfamilies (top 6 selected from the largest
Oryza genome). Each LTR-RT sub-family displayed unique patterns of
amplification across the species, impacting genome sizes (Fig. 3,
Supplementary Fig. 10, and Supplementary Data 3). In addition to the
amplification of the Ogre, Retand, and Tekay LTR of the Gypsy
superfamily, the Angle LTR, which belongs to the Copia superfamily,
has emerged as a significant contributor to the genome size of O.
australiensis (EE), each accounting for 9.80%, 7.89%, 8.22%, and 6.64%.,
respectively This distinguishes O. australiensis from other rice species,
whose genome size is primarily driven by the Gypsy superfamily
(Fig. 3b, c and Supplementary Fig. 10). The genome sizes of B, C, and D
type rice genomes were primarily influenced by the top three Gypsy
subfamilies in descending order on average: Ogre, Retand and Tekay
accounted for 7.49%, 3.15%, and 1.94% of the genome size, respectively
(Fig. 3¢). The genome size of the G genome type (O. meyeriana) was
predominantly influenced by Retand LTR amplification, which

accounted for 8.66% of the genome size (Fig. 3c). In contrast, the
10.17% abundance of Tekay in O. glumaepatula surpassed the 2.78%
observed in O. sativa, contributing to an increase in genome size. All
LTR subfamilies occupied only 4.05% of the genome size in O. bra-
chyantha (FF), which is less than the 7.82% found in O. sativa, indi-
cating a significant reduction of all LTR subfamilies (Fig. 3c). This
finding aligns with the observed LTR density patterns across Oryza
genomes (Supplementary Fig. 11). A correlation value of 0.86 was
noted between genome size and the Retand LTR superfamily, which
was higher than that of other subfamilies within Oryza (Fig. 3d). While
the SIRE and CRM subfamilies occupied lengths of 3.41Mb and
3.38 Mb, respectively, they corresponded to an average of 250 and 295
genes, respectively (Fig. 3c, Supplementary Fig. 10 and Supplemen-
tary Data 4).

The distribution of whole-genome intact LTRs indicated that the
majority of LTR bursts occurred in the proximity of centromeric regions
(Supplementary Fig. 12). Rice centromeres consist of organized satellite
repeats (SRs), interrupted by centromere-specific retrotransposons
(CRRs)®. It remains unclear if other lines or wild rice plants possess
unique centromere satellites and whether centromere repositioning
events occurred during centromere evolution. In cultivated rice (MH63
and ZS97), 155bp and 165 bp CentO satellite repeats were categorized
into seven distinct subsets across the 12 chromosomes®. Interestingly,
only a few copies of satellite repeats were identified in O. meyeriana and
0. branchyantha. Compared to the cultivated rice (NIP) genome, the C
genome contains centromere-specific satellite repeats of 126 bp and
366 bp (Supplementary Data 5). Phylogenetic analysis results showed
that the satellite repeats in Oryza can be classified into four groups
(Fig. 3e), with chromosomes of the same type tending to cluster toge-
ther, supporting models of repeated amplification events involving the
central domain and local homogenization. Examination of the genetic
characteristics of centromeres in the Oryza genus revealed a decrease in
gene density closer to the centromere region, along with an increase in
transposon density and the frequency of k-mers (Fig. 3f). While wild rice
centromere sizes, with the exception of O. brathyantha, were sig-
nificantly larger than those in cultivated rice, the opposite trend was
observed in term of the number of genes (Fig. 3g, Supplementary Fig. 11
and Supplementary Data 6). A comparative sequence map of
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gene family. b Gene number of core gene families, dispensable gene families, and
private gene families in each (sub)genome. ¢ The upper diagram of the orthologous
groups among the A, B, C, D, E, F, and G type group genomes. d The expression
gene ratio in core, dispensable, and private genomes. e, f Gene expression and
length in core, dispensable, and private genome. g Ka/Ks in core and dispensable

T T
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T T
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genes. h The ratio of genes with LTR-RTs insertion in core, dispensable, and private
genes. In c-h, P-values were calculated using two-tailed Student’s t-tests. The
middle bars show the median, and the bottle and top of each box indicate the 1/4
and 3/4 percentiles, respectively. the whiskers extend to 1.5 times the interquartile
range. Sample sizes (n) represent the samples used for (d, h): n =23, n=gene set
numbers in (e, f, and g). i GO enrichment of the core genome. Significance was
tested by a two-tailed Fisher’s exact method. Source data are provided as a Source
Data file.

centromere synteny between cultivated rice and wild rice highlighted
extensive structural rearrangements in centromeric and pericentric
regions across the Oryza genus (Fig. 3h and Supplementary Data 7). In
addition, several centromere repositioning events were noted in the
synteny analysis (Supplementary Fig. 13).

Large-scale chromosomal rearrangements and evolutionary
history of Oryza genomes

To compare karyotype stability between cultivated rice and wild
diploid genomes, we created a synteny map and conducted whole-
genome pairwise alignments to identify large segment variations, such
as translocations and inversions’. The large inversions (with more than

5 consecutive genes) shared by at least two species in the Oryza genus
were prevalent in the genome alignments® (Supplementary
Figs. 14 and 15). While reports on segregating inversions in wild rice are
scarce, with none on natural polyploid wild rice, most of these events
were observed in the low-recombining pericentromeric regions of the
Oryza chromosomes, with a few inversions being species-specific
(Supplementary Fig. 14). Through multiple species/genome compar-
isons, many large-scale genomic rearrangements were validated,
including an inversion of an approximately 2.53 Mb segment com-
prising 166 genes on Chré6 in the modern cultivated rice NIP (Supple-
mentary Fig. 16). The inversion occurred in all the rice species except
for common wild rice.
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Chromosomal rearrangements involving homoeologous groups 1,
3, and 6 of allotetraploid wild rice were initially identified in Oryza
species (Supplementary Fig. 17a). Comparison between syntenic
blocks revealed that chromosome 6D, in O. latifolia displayed com-
plete collinearity with the corresponding chromosome 3D in O. alta
and O. grandigumis, However, a reciprocal translocation was observed

between 3D, and 1C, in O. alta and O. grandigumis (Supplementary
Fig. 17a), due to fragmental collinearity between 3C, in O. latifolia and
1C;in O. alta and O. grandigumis. Additionally, a translocation between
1C.and 6C, was identified, with the 1C, segment translocated to the end
of 6C,. Furthermore, a translocation was detected in homoeologous
groups 4 and 7 in Oryza (Supplementary Fig. 17¢-i).
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Fig. 3 | Evolution of LTR Retrotransposons in genomes and centromeres.

a Genome size of the Oryza genomes, including the A, B, C, D, E, F, and G genome
types. The data was shown as the mean values + SDs, n = sub/genome numbers.

b LTR-RT subfamily expansion and contraction during the rice evolution, and the
heatmap of TE density in wild rice species. Circle size indicates the length of the TE
sequence. Color represents the LTR sub-family, light pink: Angela, orange: CRM,
light blue: Ogre, light green: Retand, green: SIRE, light orange: Tekay. The TE
density from low to high corresponds to the color from blue to red. ¢ The size of
LTR sub-families and the percentage of genes overlapped with LTR-RTs subfamilies
in each rice species. d The correlation between genome size and LTR subfamily

sequence length. Two-sides Pearson’s correlations test with P-value = 0 < 0.001 was
performed. e The cluster tree was generated based on the multiple sequence-
structure alignment of centromeric repeat unit sequences. f Landscape of LTR
density, repeat k-mer ratio, and gene number density in chromosome 1,100 kb, and
10 kb were used as a window for the picture above and below. g The gene number in
centromere region and the number of gene overlapped with LTR region account
for the total gene number in A, B, C, D, E, and F genome. h Synteny map of cen-
tromere region of chromosome 1between O. rhizamatis and O. sativa ssp. japonica.
The red line indicates the collinearity of genes at both ends of the centromere.
Source data are provided as a Source Data file.

By aligning allotetraploid wild rice resequencing data to the
corresponding diploid BB and CC or CC and EE genomes, home-
ologous exchanges on each chromosome were identified based on
the coverage depth calculated from unique reads. Several translo-
cations of large segments between the subgenomes post-
tetraploidization were discovered (Supplementary Fig. 17b, c).
Chromosomes 1B, and 1C, exhibited high synteny, but the coverage
depth of the reads to the BB and CC genomes indicated a significant
homoeologous exchange between them (Supplementary Fig. 17b).
The prospective history of homeologous exchange is depicted in
Supplementary Fig. 17d.

Characterization of untapped, agronomically important SVs in
the Oryza genomes

Despite extensive efforts to analyze genetic variants in cultivated rice
and its ancestor species O. rufipogon®, genetic diversity in distantly
related wild rice species such as O. punctata, O. rhizomatis, and O.
meyeriana remains poorly understood. We identified 2781-10,656
insertions, 2680-10,419 deletions, 4-52 translocations, and 7-22 inver-
sions in the 16 rice accessions, with sizes ranging from 162.49-
278.65Mb, 182.13-705.17 Mb, 8.64-887.29kb, and 41.51-11.33 Mb,
respectively (Fig. 4a and Supplementary Data 8). Interestingly, the
cultivated rice and the AA genome of wild rice showed a higher
number of structural variations (SVs) compared to the non-AA genome
of wild rice, although the size of the variations was smaller, likely due
to more regions aligning with the reference genome (Fig. 4a). Wild rice
species-specific SVs accounted for a significant portion of the total
variation, indicating untapped genetic diversity in wild rice compared
to cultivated varieties (Supplementary Fig. 18).

A total of 78.48% of SVs in cultivars and 39.10% in wild rice were
shorter than 5 kb. As the length of SVs increased, there was a significant
decrease in the number of SVs observed in both cultivars and wild rice.
However, the wild rice variety exhibited 2.34%more SVs that were
larger than 250 kb, which contributed to the presence of numerous
private genes within the wild rice genome (Fig. 4b). The most common
locations for SVs were intergenic regions as noted for 46.19% of Oryza
genus followed by 16.74% in upstream gene regions (Supplementary
Fig. 18b and Supplementary Data 9), in line with previous findings. A
total of 128,250 insertion sequences generated 30,945 specific genes
identified in our pangenome recorded within the whole genome of
Nipponbare (Fig. 4¢, d). The cultivated rice displayed a higher number
of SVs compared to wild rice, consistent with earlier observations
(Fig. 4a). However, the size of structural variation in the wild rice O.
australiensis and O. meyeriana, was 614.70Mb and 711.90 Mb,
respectively, was overlapped with repeat sequences. This is sig-
nificantly higher than 274.43 Mb and 258.09 Mb associated with non-
repeat sequences (Supplementary Fig. 17). Further examination of
transposable elements in presence-absence variation (PAV) sequences
revealed that DNA and other transposable elements were the primary
components of both deletion and inversion variants (Supplementary
Fig. 17d).

Recent findings suggested that gene loss could be linked to
insertion/deletion events. For example, a 500kb insertion

corresponding to the NIP genome identified on chromosome 12 at
14.50 Mb only occurred in the O. eichingeri and C, subgenome of O.
punctata (BBCC), which led to the presence of protein-coding genes
only in a few wild rice genomes (Supplementary Fig. 18).

Allelic and regulatory elements variations

Natural allelic variation of genes is essential for phenotypic diversity,
environmental adaptation, and the process of domestication®*. Our
analysis focused on genome-wide allelic variations and their regulatory
sequences (gene +10kb) in the rice genome, as there are very few
highly collinear blocks between non-AA genomic wild rice and culti-
vated rice (Supplementary Fig. 19 and Supplementary Table 8). As the
divergence from cultivated rice increased, the number of colinear
genes between wild rice diploids and cultivar rice decreased, ranging
from 23,812 t0 18,463, with an average of 20,288 (Supplementary Table
9). The inclusion of 19 published, high-quality, chromosome-level
cultivated rice genomes (Supplementary Table 9) into our study
allowed us to identify SV resources for both wild and cultivated rice.
By mapping collinear genes with a range of 10 kb adjacent regions onto
the corresponding region of Nipponbare, we identified Single
Nucleotide Polymorphisms (SNPs) and InDels of 50 bp or greater as
PAV targets (Supplementary Fig. 20). We identified 125 variations per
gene in wild rice, which resulted in a total number of 6*107 variations in
the wild rice pangenome. This number is significantly higher than that
observed in cultivated rice, which had 7.28 variations per gene and a
total of 5*10° variations in the cultivar pangenome (Fig. 5a, b). To delve
deeper into the functional impact of SVs on genes and proteins,
combining variant alleles detected in each species into haplotypes and
annotating each accession independently is essential. Wild rice (sub)
genome displayed a higher number of alleles in collinear genes within
the core genome compared to cultivated rice (Fig. 5c). The number of
gene haplotypes (gHap) and gene-coding sequence haplotypes
(gcHap) in wild rice was significantly greater than in cultivated rice
(Fig. 5¢). Analyses of protein diversity in collinear genes between wild
and cultivated rice provided insights into their functional differentia-
tion. A genome-wide protein cluster analysis was conducted based on
domain similarity, revealing that wild rice contained an average of 7.71
clusters, while cultivated rice exhibited only 1.78 clusters (Fig. 5d).
Furthermore, analysis of gene PAVs distinguished major species and
highlighted significant differences between wild and cultivated rice
(Supplementary Fig. 7b-d). The majority of group-unbalanced genes,
accounting for 87.33%, were more prevalent in wild rice but less
common in cultivated rice, underscoring the substantial legacy of
mutations in wild rice (Fig. Se). A well-documented gene that controls
pericarp color (Rc) was selected as an example to display protein
variation of protein between wild and cultivated rice (Fig. 5f).

Gene CNVs and NLR repertoire in rice

Recent studies have highlighted the significant role of copy number
variations (gCNVs) in the evolution and domestication of crops®*.
However, the accurate identification of gCNVs in highly repetitive
genome sequences within the rice genus is challenging. Leveraging our
high-quality assemblies, we systematically investigated gCNVs by
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Fig. 4 | The landscape of structural variation among wild and cultivated rice.
a Number and sequence length of different types of structural variation with each
(sub)genome compared with the NIP reference genome. b The distribution of SV
length in wild and cultivated rice. red color indicates wild species and blue color
shows cultivated species. ¢ The distribution of private genes of each rice diploid
genome compared to NIP. From the outer-most track to the inner-most track: (a)
the private gene position of R498 from A genome type rice. b O. punctata from B
genome type. ¢ O. minuta from C genome type. d O. alta from D genome. e O.

o

Australians from E genome. f O. brachyantha from FF genome. (g) O. meyeriana
from G genome type. h the gene density of NIP across the genome. i the PAV
density, the sliding windows of (h and i)windows was 300 kb. d The distribution of
PAV of each rice diploid genome. Diploid genomes from outermost circle to
innermost circle: (a) R498(0. sativa ssp. indica); (b) CG14(O. glaberrima); (c) O.
rufipogon; (d) O. glumaepatula; (e) O. malampuzhaensis | B;; (f) O. punctata | Cg; (g)
0. latifolia; (h) O. australiensis; (i) O. brachyantha; (j) O. meyeriana. Source data are
provided as a Source Data file.

aligning collinear blocks of the rice accessions against the Nipponbare
reference genome to assess their potential impact on important
agronomic traits. Through whole-genome comparisons, we identified
207 genes with tandem repeats across the 14 wild rice assemblies,
potentially influencing yield, resistance, grain quality, heading date,
and biotic and abiotic resistance (Supplementary Data 10). To gain
further insights into the functional roles of gCNVs in rice, we analyzed
4400 genes with known functions reported in a previous study®.
Among these genes, 36 exhibited tandem repeats in the rice genus,
impacting various agronomic traits related to yield, disease and pest
resistance (e.g., blast, bacterial blight, rice brown planthoppers), biotic
stress tolerance, element transport, and other important adaptation
traits like heading date and hybrid sterility (Fig. 6a).

Expression levels of selected gCNVs were assessed to investigate
potential changes in their expression profile. Several variations linked
to the Pi9 cluster, with gCNVs in the 10.38 Mb region of Nip genome
chromosome 6, were also identified. Pi9 is a well-known gene in rice
that offers strong and long-lasting resistance to the fungus Magna-
porthe oryzae”. Interestingly, Pi9 is a typical NOD-like receptor

encoding gene with copy number variation, which played a role in rice
species’ environmental adaptation (Supplementary Fig. 21).

Nucleotide-binding domain and leucine-rich repeat (NLR) proteins
play a crucial role in plant immune systems®. Therefore, it is essential to
have an accurate NLR dataset for rice genera. Plant NLR encoding genes
often occur in clusters, making their identification challenging. To
address this issue, we utilized RGAugury® and DupGen finder*° tools,
resulting in a total of 7048 NLR encoding genes across the rice genus
(Supplementary Table 10). The number of NLR encoding genes varied
from 419 in O. glabberima to 511 in O. sativa ssp. indica (R498) in culti-
vated rice and from 159 in O. australiensis to 669 in O. punctata (BBCC) in
wild rice (Fig. 6b and Supplementary Table 10), which revealed a sig-
nificant expansion of NLRs in the cultivar rice.

Our study focused on identifying and categorizing NLRs in dif-
ferent rice species to establish a comprehensive understanding of their
diversity within the rice genus. Interestingly, the diploid rice genome
exhibited fewer NLR in wild rice compared that in cultivated rice,
despite the larger genome size in wild rice (Fig. 6f). For instance, the
genomes of O. australiensis and O. meyeriana, although twice the size
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Fig. 5| Alleles and their regulatory sequence variations in wild and cultivated
rice accessions. a Genome-wide allelic variation and nearby 10 kb upstream/
downstream sequences variation number in the wild and cultivated rice group
along with equal amounts of rice diploid genomes. b-d Comparison of total SV (b),
average collinear gene, gene haplotype, and CDS haplotype (c), orthologue protein
cluster (d) between wild and cultivar rice group (x-axis). The y-axes represent the
number of variants per gene, number of average collinear genes, gene haplotype,

Alignment of Rc protein sequences

CDS haplotype, and number of protein clusters. The box plots show the medians
(centerlines), interquartile ranges (boxes), and 1.5 times the interquartile ranges
(whiskers), n =20 for both cultivar rice and wild rice groups. Statistical significance
(P-value) was determined using a two-sided Wilcoxson rank-sum test. e The unba-
lanced orthologue gene haplotype in wild and cultivated rice. f Alignment of an
example Rc protein exhibited significantly more variation in wild than that in cul-
tivated rice. Source data are provided as a Source Data file.

of NIP, contain only half the number of NLRs of that in cultivated rice
(Fig. 6f). Analysis of NLR distribution showed that while R gene sin-
gletons were similar between wild and cultivated rice, cultivated rice
tended to have a higher number of R genes in pairs or clusters com-
pared to wild rice (Fig. 6b-d). Redundancy analysis revealed that
55.64% of NLR signatures were shared across all genomes, with 15
unique signatures in the cultivated group and 162 unique signatures in
the wild rice group (Fig. 6g). The study found that as the number of
cultivated rice accessions increased, the number of core NLR sig-
natures also tended to increase. Analysis of NLR encoding genes in wild
and cultivated rice revealed that 78.8% of the NLR genes in cultivated
rice were dispensable, slightly lower than in wild rice (Fig. 6h). More
than 90.0% of NLR genes in the core genome were expressed in
both wild and cultivated rice, while around 20.0% of NLR genes in the
dispensable genome exhibited low or no expression under normal
conditions, suggesting specific expression upon encountering dis-
ease (Fig. 6i).

We classified NLRs of the rice genus into 359 clusters, of which 142
clusters were increased in cultivated rice (Supplementary Data 11),
including well-studied rice R gene families, such as WRKY61, that
provide resistance to rice blast disease caused by Xanthomonas oryzae.
pv. oryzae (Xoo) (Fig. 6j). In addition, an NLR expansion event was
observed in the wild rice pangenome (Fig. 6j), enabling these plants to
adapt to various environments compared to cultivars. By leveraging
lost NLR rice genes during domestication and artificial selection, we

can enhance the resistance resources of cultivated rice and enrich the
diversity of modern commercial rice. The total number of NLRs in
cultivated rice species was higher compared to diploid wild rice spe-
cies, despite some NLR gene losses, indicating that NLR expansion into
cluster forms may be driven by breeding for specific pathogen
resistance.

Discussion

In this study, we integrate genome assemblies of 13 wild rice species,
three cultivated species' ™, and one common wild rice' to construct a
pangenome of the rice genus. Compared to cultivated rice, the pan-
genome generated in this study provides an additional 63,881 gene
families. This dataset facilitates the functional investigation of novel
sequence types, including large structural variations in non-coding
regions, coding genes absent from the cultivated rice genome, private
genes in wild rice, differentiation genes between wild and cultivated
rice, and natural allelic variations. Furthermore, it aids in mapping
candidate genes that control important traits in wild rice introgression
populations. In addition, we reconstruct the phylogenetic tree for
Oryza at the genome level and correct the evolutionary positions of the
B, C, F, and G rice species.

Previous studies have revealed that TEs play a significant in driv-
ing of genome size evolution?. This study also enhances our under-
standing of the substantial variability in genome sizes during the
evolution of Oryza and identifies which components of repeat
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sequences predominantly contribute to rice genome size, serving asa influenced by the top three Gypsy superfamilies in descending order:
model for similar analyses in other plant species. The genome size of Ogre, Retand, and Tekay. Furthermore, this study reveals a strong
the G genome type is significantly influenced by the Retand LTR sub-  correlation between genome size and the Retand LTR subfamily inrice,
family, while the E genome type’s genome size is increased by both the  indicating that the varying chromosome size of Oryza appears to be
Gypsy (Ogre, Retand, and Tekay) and Copia (Ange) LTR superfamilies. ~ driven by large-scale expansions and contractions of Retand elements
In contrast, the genome sizes of B, C, and D genome types are primarily  in the intergenic regions.
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Fig. 6 | Characteristic of gene CNVs associated with rice important agronomic
traits and R gene in Oryza genus. a Feature of the CNV gene. Circle size indicates
the gene copy number potentially results from a tandem duplicated mechanism.
Color from gray to yellow shows the gene expression level from low to high.

b-e Comparison of total R genes (b), singleton NLRs (c), paired NLRs (d), and
clustered NLRs (e) number between wild and cultivar rice. The box plots show the
medians (centerlines), interquartile ranges (boxes), and 1.5 times the interquartile
ranges (whiskers). The sample size n =20 for wild rice group, and n =3 for cultivar
rice group. P-values indicate the variation between wild and cultivar rice groups
(Wilcoxon rank sum test). The red color represents wild rice species, the blue
indicates cultivated rice. f The NLR gene number in each (sub)genome. The

different colors in NLR copy numbers represent the subfamily of NLRs. The various
color backgrounds indicate (sub) genomes from different genome types. g Venn
diagram of orthologues NLRs gene in wild and cultivated rice. h The percentage of
core and dispensable non-redundant NLRs in the wild and cultivated rice species.
i Expression of core and dispensable non-redundant NLRs in wild and cultivated
rice. pink shows the gene expression level is less than 0.1, red indicates the gene
expression is larger than 0.1 and less than 1, and blue means the gene expression is
larger than 1. j A representative region on chromosome 11 has less R gene in wild
rice, but more R gene in cultivated rice. The same color means synteny NLR gene.
Source data are provided as a Source Data file.

Our study also exemplifies how these new resources can enhance
our understanding of the role of SVs, gCNV, and allelic variation in the
processes of environmental adaptation and important agricultural
traits in rice. A total of 21.52% of SVs in cultivars and 60.90% in wild rice
are larger than 5 kb. Moreover, 2.34% of SVs larger than 250 kb were
also found in wild rice, indicating that wild rice exhibits low collinearity
with cultivated rice and contains large untapped private genes. These
genetic variations likely play an important role in the local adaptation
of wild rice to diverse habitats. In addition, a total of 36 CNVs in the rice
genus, impacting various agronomic traits related to yield, disease,
and pest resistance, have been displayed, which suggests that our CNV
catalog is beneficial for investigating the hidden genomic variations
underlying phenotypic diversity.

In addition, we observe that the number of NLRs in cultivated rice
exceeds that in the wild rice diploid genome, yet exhibits lower disease
resistance than that in wild rice (Fig. 6e—j); The number of clustered
NLRs in cultivated rice is significantly higher than in wild rice, sug-
gesting that some additional copies of NLRs may be redundant in
providing resistance in cultivated rice. This finding aligns with the
notion that multiple NLRs are necessary for the broad-spectrum
resistance of Tetep to blast*.

Understanding the genomes of various species within the genus
Oryza enhances our ability to trace evolutionary history and develop
strategies for crop improvement in the face of rapid climate change.
The rice genus Pangenome represents a significant advancement in
uncovering the underlying variations that influence traits, adaptation,
and domestication in rice, while also facilitating the utilization of
functional genes found in wild rice. Furthermore, when integrated with
chromatin immunoprecipitation sequencing (ChIP-seq) and the Assay
for Transposase Accessible Chromatin with high-throughput sequen-
cing (ATAC-seq), the Oryza genomes provide valuable insights into the
analysis of dynamic variations in centromere and gene regulation
profiles. The next step in the Oryza genus pan-genomic will focus on
increasing production, enhancing resistance to various diseases, and
adaptation to changing environments through gene editing of private
genes and alleles.

Methods

Sample selection

A total of 13 rice accessions derived from seven genome types,
including AA, BBCC, CC, CCDD, EE, FF, and GG, were selected from the
wild rice nursery in Hainan, China. These rice accessions included one
AA genome type (O. glumaepatula), three BBCC allotetraploids (O.
punctata, O. minuta, O. malampuzhaensis), three CC genome types (O.
eichingeri, O. officinalis, O. rhizomatis), three CCDD allotetraploids (O.
latifolia, O. alta, O. grandiglumis), one EE genome type (O. aus-
traliensis), one FF genome (O. brachyantha), and one GG genome type
wild rice (O. meyeriana). The relevant sample information is provided
in Supplementary Table 1.

Library preparation and resequencing
High-molecular-weight DNA was extracted from 13 wild rice pockets
20 days after transplant using the CTAB protocol. Sequencing libraries

with an insert length of 300 bp were prepared employing the CLEANNGS
DNA kit for lllumina sequencing. The sequencing was conducted on the
Novaseq 6000 platform (Berry Genomic, Beijing, China) to generate
150 bp paired-end reads, following the manufacturer’s guidelines. Short
reads were filtered by removing adapter contamination, and low-quality
reads, specifically, those containing base N’s or exhibiting more than 10%
of bases with a quality score below 20.

Tissue collection and RNA extraction

Plant material for RNA sequencing (RNA-seq) and Iso-Seq was grown in
a greenhouse at the Jiangxi Academy of Agricultural Sciences, main-
tained under a 9-hour light and 15-hour dark cycle with daytime at
temperatures of 28 °C and nighttime temperatures of 18 °C. Roots,
leaves, stems, and panicles were collected, mixed, snap-frozen in liquid
nitrogen, and stored at —80 °C until RNA extraction was performed.
RNA was extracted from the tissues using a Trizol extraction protocol.
The integrity of the RNA was assessed using the Agilent 2100, and only
samples with an RIN value greater than 8 were used for RNA-seq and
Iso-Seq library construction.

RNA-seq library preparation and data generation

Sequencing libraries for the Illumina NovaSeq platform were prepared
using the VAHTS mRNA-seq v2 Library Prep Kit, following the manu-
facturer’s guidelines. This producess generated 150bp paired-end
reads with a 350 bp insert size. For tissue-specific data, please refer to
Supplementary Data 1 for tissue-specific data. A custom pipeline was
implemented to remove low-quality reads and adapters, while Hisat2*
was employed to align high-quality bases to the reference genome
using default settings. Subsequently, Cufflinks*’ was utilized to calcu-
late transcription expression levels in FPKM. Differential expression
analysis for homologous gene pairs on corresponding chromosomes
of the subgenomes was performed using a student’s t-test with Bon-
ferroni correction.

De novo genome assembly of 13 wild rice accessions

Genome size and heterozygosity were estimated using a k-mer-based
approach by using GCE*. The genomes of the 13 HiFi sequenced
accessions were assembled into one primary and two haplotype draft
contig genomes using HiFiasm v0.16.1*°, with parameters -hl -h2 and
-ul. Subsequently, the Hi-C reads were employed to anchor the
assembled contigs onto chromosome pseudomolecules through
sorting, orientation, and ordering utilizing 3D-DNA*® and Juicer v1.5*
to produce the final version of the wild rice genome assembly. Juicebox
(https://github.com/aidenlab/Juicebox) was used to visualize the
resulting Hi-C contact matrix, and manual corrections were performed
based on neighboring interactions. The heatmap of genomic interac-
tions was generated using HiCPlotter v2.7.0. Subgenome identification
in this study was conducted based on the mapping depth of the diploid
genome sequence*®, A reference-guided strategy based on subgenome
sequence similarity, was employed to distinguish the subgenomes of
CCDD allotetraploid wild rice (O. alta, O. grandiglumis, and O. latifolia)
and BBCC wild rice (0. malampuzhaensis, O. minuta and O. punctata).
The assembled genome of O. officinalis was divided into
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100 bp non-overlapping fragments and aligned with the BBCC and
CCDD genome assemblies using BWA*® with the default settings. Only
uniquely mapped fragments were retained. A syntenic block was
defined by the presence of at least five syntenic fragments. Chromo-
somes exhibiting higher similarity to O. officinalis were designated as
belonging to the C subgenome, whereas those with lower similarity
were assigned to the B/D subgenome. Subgenome assignments were
further validated by quantifying the depth of coverage of paired-end
reads from O. punctata (BB, SRX15097569) in comparison to O. offi-
cinalis or 0. officinalis and O. australiensis.

Evaluation of gene assemblies

The completeness of the assembled wild rice genomes was assessed
using BUSCO* with the embryophyte_odb10 database. Genome con-
tinuity was evaluated using LAI*® within the LTR retriever® packages,
focusing on the scaffold N50 parameter. We also examined the map-
ping rate of transcripts assembled with Trinity>' to the corresponding
genome assemblies through BLASTN®, applying a minimum alignment
length of 350 bp and a sequence identity threshold of 95%. Further-
more, the assemblies were assessed by mapping Illumina short reads
and HiFi long reads using BWA and minimap2°. In addition, Merqury**
was employed to evaluate the QV value and overall completeness of
the genomes.

Identification, annotation, and classification of repetitive
elements

De novo repeat identification and homology-based searches were
conducted on the wild rice assemblies. For the ab initio-based search,
results obtained from RepeatModeler (http://www.repeatmasker.org/
RepeatModeler/), LTR finder®, LTR retriever*’, and LTR_harvest®® were
integrated to construct a repetitive sequence library. This library was
subsequently annotated and analyzed using RepeatMasker” with
default parameters. The Repbase Transposable Element (TE) library
and TE protein databases were utilized to mask TEs through the
application of RepeatMasker*® software and RepeatProteinMask pro-
grams. Full-length LTR retrotransposons (LTR-RTs) were identified
using LTR_retriever®® and were further classified using TEsorter*’. In
addition, solo-LTRs and intact LTRs were classified using LTRharvest
(https://omictools.com/Itrharvest-tool).

Estimation of LTR insertion times

We estimated the insertion times of intact LTR retrotransposons.
LTR Finder* was utilized to de novo identify full-length LTR retro-
transposons in the genomes of 13 wild rice species. Candidate intact
LTRs were identified by locating matching LTR pairs within a specified
distance. The full-length LTR sequences were aligned using MUSCLE®’.
Nucleotide variations (1) within the intact LTR retrotransposons were
calculated, and their divergence (K) was determined using the fol-
lowing formula®:

K= —3/4In(1 - 4\/3) @D

The insertion time of these full-length LTRs was estimated based
on the following formula®*

T=K/2r 2)
where r in rice is estimated at 1.3 x 107 per bp per year®.

Gene prediction and functional annotation

Gene models for wild rice were predicted by combining transcriptome
data with both de novo and homology-based strategies. For the
homology-based approach, protein sequences from six species (Z. mays,
0. sativa ssp. indica, O. sativa ssp. japonica, O. rufipogon, O. barthii, and
L.perrieri) were downloaded and aligned to the wild rice assemblies

using Tblastn®. The resulting BLAST hits were subsequently utilized to
predict the gene structures of the corresponding genomic regions with
Genomethreader®. For predictions based on transcriptome data, RNA
sequences from various tissues, including leaves, stem, panicles, and
roots, were assembled using Trinity, and filtered with PASA%. The RNA
data was then mapped onto the wild rice genomes using HISAT2*, and
the reads were assembled into transcripts using StringTie®. Transde-
coder (https://github.com/TransDecoder/TransDecoder) was employed
to predict open reading frames. For de novo predictions, three ab initio
gene prediction programs, including GENSCAN®, AUGUSTUS®, and
GlimmerHMM®, were utilized to forecast coding regions from the
repeat-masked genome. All gene model evidence obtained was subse-
quently amalgamated using EVidenceModeler’® to generate non-
redundant gene sets. Protein-coding genes were retrieved and anno-
tated based on their best BLASTP” hits with an E-value of less than 1e™
from various protein databases, including UniProtKB/Swiss-Prot (https://
www.uniprot.org/downloads) and nonredundant protein database NR
(ftp://ftp.ncbi.nim.nih.gov/blast/db). Gene Ontology (GO) terms and
Pfam domains were assigned to each gene using InterProScan”, and
gene pathways were determined through homology searches against
the KEGG database with an expected value of 107,

Analyses of the protein-coding-gene-based Oryza pangenome
Combined the Asian cultivated rice (O. sativa indica, cv R498 and O.
sativa japonica, cv Nipponbare)'?”, African cultivated rice (cv. CG14),
and common wild rice, along with 13 wild rice species, to represent the
rice genus. To identify homologous relationships among the Oryza
species, the longest transcript of each predicted gene in each genome
was selected as a representative. An all-to-all comparison of 957,779
peptide sequences of protein-coding genes was conducted using
BLASTP with an E-value of e '°, followed by clustering the BLSAT results
using OrthoFinder” with default parameters. The clusters were cate-
gorized into three groups: the core genome shared by all 23 genomes,
the dispensable genome containing genes present in 2 to 22 genomes,
and specific gene families unique to only one genome. Clade-specific
gene families were defined as those found exclusively within one clade
of the rice genus. ClusterProfiler”® was employed for GO terms func-
tion enrichment analysis. Non-synonymous/synonymous substitution
ratios (Ka/Ks) for core and soft-core clusters were calculated using
ParaAT’, with parameters set to “m muscle -f axt -K’.

Oryza phylogenetic tree construction

Z. may be chosen as the outgroup for inferring the species phylogeny.
A super-matrix tree was constructed using protein sequences from the
longest transcripts of gene models selected from 14 wild rice and three
cultivated rice accessions (Supplementary Table 1. BLASTP was
employed for all-against-all alignments, followed by Orthofinder to
infer orthologous genes. The 3555 single-copy orthologous genes were
aligned using MAFFT”, and the best model was determined with
ProtTest3.07°. The phylogenetic tree of Oryza was constructed using
RAXML software””. Bootstrap analyses with 1000 replicates were con-
ducted for the concatenated sequence using the GTR+1 model.
Divergence times were estimated using the MCMCTree program in
PAML (v4.9).

To mitigate the impact of incomplete lineage sorting, we utilized a
multi-species concatenation-based approach implemented in
ASTRAL” to construct a species tree. This estimation involved
searching for the species tree that best aligned with the quartets
obtained from the input gene trees.

Estimation of the divergence time

The divergence times of various species were calculated using
MCMCTree from the PAML package” under the relaxed molecular
clock hypothesis. To optimize computational resources, coding
sequences (CDS) of single-copy genes from eight representative
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species (0. sativa, O. glaberrima, O. rufipogon, O. punctata, O. alta, O.
australiensis, O. brachyantha, O. meyeriana) were selected for a pre-
liminary assessment of substitution rates using BASEML with the
model set to 4. Subsequently, MCMCTree was employed to estimate
divergence times with the parameters ‘model =4, burnin=50,000,
sampfreq =10, nsample = 20,000. Divergence times between O. sativa-
O. rufipogon (0.7-1.7 Mya) and rice-maize (41.4-51.9 Mya) were utilized
for calibration purposes.

Collinearity and chromosome rearrangement analysis
The protein sequences of annotated genes from wild rice assemblies and
three previously sequenced genomes (O. rufipogon, O. sativa indica, and
O. glaberrima) were aligned with the NIP? genome using BLASTP,
applyingwith an e-value cut-off of 1e7. The reciprocal best hit for each
alignment was utilized to analyze the collinearity of the entire genomes
between NIP and the other species within the Oryza genus, employing
MCScanX” with default parameters. The resulting synteny outcomes
were visualized using the jcvi software (https://github.com/tanghaibao/
jevi/wiki/MCscan-(Python-version)), and significant chromosome rear-
rangements between NIP and the other species were identified.

The homoeologous chromosome sequences from groups 1, 3, and
6 of the C, subgenome of O. latifolia, O. alta, and O. grandiglumis were
aligned to analyze the syntenic regions using Mummer®® with the
parameter -L 1000.’ To assess the continuity of genome exchange in O.
latifolia, 1llumina reads were aligned back to the O. latifolia genome
contigs using the default parameters of the Burrows-Wheeler Aligner
software*’. Sam tools was employed to calculate the sequencing depth,
which was subsequently visualized by using R package ggplot2®'.

Centromere sequence identification

No results were obtained when the RCS2*? family alignment was
applied to the final 13 wild rice assemblies to identify centromere-
related sequences. Subsequently, a search for tandem repeats was
conducted across the rice genome using the Tandem Repeats Finder
software®. The identified repeats were grouped into families based on
an 80% similarity threshold, employing the SiLiX algorithm®. The
relative abundance of each family was determined through k-mer
analysis, utilizing Illumina short-read sequences and the Jellyfish soft-
ware. To identify O. brachyantha, Chip-seq data (SRX4224850) were
used and compared to known centromeric repeat sequences from O.
sativa using the BLAST tool. The distribution of the five most prevalent
repeats on each chromosome was manually examined to evaluate their
characteristics as centromeric repeats. To further analyze the identi-
fied centromeric repeats, a neighbor-joining tree was constructed by
randomly selecting 200 repeats from each family and using MEGA-X®.

Identification of genome sequence structure variation

SV identification was performed using a modified approach that
employed Minimap2 and SYRI software®. Pairwise genome alignment
was executed between the genomes of 13 wild rice assemblies, using
NIP as the reference, through the Numcer program in Mummer®® with
default parameters. The alignment results were subsequently filtered
to yield one-to-one alignment blocks. SVs in wild rice, relative to the
NIP genome, were identified using Minimap2* in conjunction with
SYRI®. Initially, each assembled genome was aligned to the
Nipponbare'® genome using Minimap2®. The resulting alignments
were then utilized for structural variation identification with SYRI*®
applying default parameters. To reduce false positives in SV calling,
only SVs such as insertions, deletions, inversions (less than 1Mb in
size), and translocations (greater than50bp in length) were retained,
while SVs containing ‘N’ sequences were excluded.

SV validation
Hi-C data were employed to validate SVs exceeding 10 kb in length.
Paired-end reads from Hi-C were aligned to the corresponding genome

assemblies, and the interaction heatmap for regions containing SVs
was manually examined. For SVs shorter than 10 kb long reads were
mapped to the genome assemblies, and the alignments at the
boundaries of these SVs were manually verified. In addition, ten SVs
were randomly selected for PCR amplification to evaluate fidelity in
O. glumaepatula.

Distribution of PAV relative to the reference genome

To identify unique or absent sequences in comparison to the NIP*
reference, the candidate PAV sequence was aligned to the NIP* genome
using minimap2>* with the parameter x asm10’. Sequences that covered
more than 80% were filtered out to define the final PAV region. The
genome wide distribution of PAV was visualized using Circos®’.

Distribution of private gene relative to Nipponbare genome
MCscanx was employed to identify collinear orthologs between the
query genomes and the NIP” genome, requiring a minimum of five
homologous genes to define a collinear block. Furthermore, certain
translocations were not necessarily required to meet the threshold
for synteny search. To characterize the private genes associated with
NIP, it was essential to identify genes that shared a gene index pair
with NIP in each genome. In addition, reciprocal best hits were
employed as evidence to establish gene index pairs. Subsequently,
collinear orthologs for each genome in relation to NIP were deter-
mined, while non-collinear orthologs were classified as private genes
for each genome.

Collinear orthologues whose 10 kb upstream/downstream
sequences variation

To better understand the evolutionary significance of variation in
collinear orthologues within the rice genus, we conducted a sequence
analysis of gene pairs along with their 10 kb upstream and downstream
sequences. The genes and their respective sequences, obtained from
GFF files, were aligned to orthologues on the NIP' reference genome
to identify genomic variations, including SNPs, insertions, deletions,
inversions, and PAVs (greater than 50 bp) using SYRI**with the show-
snps parameter. Then we converted the aligned results to VCF format
for each subgenome/genome, Bcftools®® was used to split multiallelic
variants into multiple rows and left-normalize INDELs before counting
variants at the cohort level. To annotate the estimated effects of the
identified genomic variations, we applied the software SnpEff*. We
then annotated variants by haplotypes using CooVar®® and ultimately
combined the annotation results.

Haplotype analysis of genes, CDS, and proteins in the

core genome

To capture the critical aspects of rice genomic diversity, it is essential
to thoroughly characterize the functional haplotype diversity of nearly
all rice genes, coding sequences (CDS), and proteins in wild rice. The
gHAP dataset for the rice genus, which included 20 cultivated rice
varieties and 14 wild rice species across 20 subgenomes, was con-
structed by concatenating the SNPs within the gene regions while
ignoring synonymous SNPs. In instances where no SNPs or InDels are
present in a gene region, we assign them the same gHap. For protein
diversity, multiple sequence alignments for each orthologous protein
cluster were performed using MAFFT”, and the proteins were cate-
gorized based on their similarity.

Determination of group-unbalanced genes haplotype
Distributed genes (or gene families) haplotypes were further divided
into three categories’, including cultivated-predominant, wild-pre-
dominant, and group-balanced gene (or gene families) haplotypes.
Group-unbalanced gene (or gene families) haplotypes are char-
acterized by an unequal distribution among the cultivated and wild
groups.
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Characterization of copy number variant genes

Gene CNV identification was conducted with refinements based on
previous reports”. For each rice variety, including NIP,
DupGen finder*® was employed to identify tandem duplicated genes
using the default parameter. A gene-CNV locus was defined as a
duplicated locus, encompassing both tandem and proximal dupli-
cates, that exhibited a differing copy number in at least one of the
other rice varieties compared to NIP'>. We obtained 4431 functionally
known genes associated with traits in rice from a previous study
(https://funricegenes.github.io/). Of these, we displayed the identified
CNVs and expression levels according to each genome/subgenome.
The expression levels were calculated as the average of three replicates
across all tissues.

The analysis of pan-NLRome

The resistance genes were identified by integrating de novo genome
annotation with RGAugury®, using default parameters. For genome
sequence annotation, the LRR domain was extracted from the de novo
genome annotations. Subsequently, we verified the NLRs generated by
these two methods using InterProScan’ and hmm search to ensure the
accuracy of the subsequent analyses. To determine how NLRs were
regulated, we calculated the average expression levels (FPKM) of NLRs
under standard growth conditions across all tissues.

To identify putatively expanded NLR clusters in rice, we classified
the annotated NLR loci from 13 wild rice genomes and 3 cultivated rice
genomes into clusters using a clustering method employed in pan-
genome analysis. Based on the results from the identification of NLRs
and OrthoFinder, we quantified the non-redundant NLR gene counts in
both wild and cultivated rice.

The NLRs can be categorized into three categories types based on
their positions®. If there were fewer than two non-NLR genes between
any two NLRs, these two were defined as ‘approaching’. Clusters with
three or more approaching NLRs were classified as clusters, while two
approaching NLRs were considered pairs. NLRs without approaching
NLRs were labeled as singleton NLRs.

Collinearity and cluster of NLR genes

The accuracy of collinearity among NLR loci, as mentioned in the main
text, was verified using the previously identified one-to-one alignment
block (Supplementary Fig. 20). The NLR gene pairs and clustered genes
were recognized as the same orthologous gene related to
Nipponbare®. To better understand the expansion of R gene number in
cultivated rice, we generated a cluster matrix of all R gene proteins
using MAFFT. By sorting the number of genes in each group, we can
observe the expansion of a specific NLR gene family.

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

Data availability

The raw sequencing data and genome assembly have been deposited
in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under accession PRJNA1175549 and National
Genomics Data Center under BioProject PRJCA024515. The genome
assembly and annotation of 13 wild rice are available at Figshare
[https://figshare.com/s/32d0ac68cee7f647ele3]. Source data are pro-
vided in this paper.
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