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Abstract 65 

Understanding and exploiting genetic diversity is a key factor for the productive and 66 

stable production of rice. Utilizing 16 high-quality genomes that represent the 67 

subpopulation structure of Asian rice (O. sativa), plus the genomes of two close 68 

relatives (O. rufipogon and O. punctata), we built a pan-genome inversion index of 69 

1,054 non-redundant inversions that span an average of ~ 14% of the O. sativa cv. 70 

Nipponbare reference genome sequence. Using this index we estimated an inversion 71 

rate of 1,100 inversions per million years in Asian rice, which is 37 to 73 times 72 

higher than previously estimated for plants. Detailed analyses of these inversions 73 

showed evidence of their effects on gene regulation, recombination rate, linkage 74 

disequilibrium and agronomic trait performance. Our study uncovers the prevalence 75 

and scale of large inversions (≥ 100 kb) across the pan-genome of Asian rice, and 76 

hints at their largely unexplored role in functional biology and crop performance. 77 

 78 

Keywords: Asian Rice, PSRefSeqs, Pan-genome, Inversion, Evolution  79 
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Main 80 

Asian rice (Oryza sativa) is a staple cereal crop that has played an essential role in 81 

feeding much of the world for millennia1,2. As the population expands to almost 10-82 

billion by 20643, the rice community is searching for novel ways to breed new 83 

varieties that are sustainable, nutritious and climate resilient2. One source of the raw 84 

material required to meet this urgent demand is standing natural structure variation 85 

(SV), i.e. single nucleotide polymorphisms [SNPs], insertions/deletions [INSs/DELs], 86 

translocations [TRAs], and inversions [INVs] in the genomes of the more than 87 

500,000 accessions of rice and its wild relatives that have been deposited in 88 

germplasm banks around the world2. 89 

Inversions are an important subset of this natural variation tool box4-6 and have 90 

been shown to play important roles in genetic recombination (e.g. Drosophila7,8, 91 

Helianthus9, yeast10, bacterial11), genome evolution (e.g. mouse12, human13,14), and 92 

speciation (e.g. Mimulus guttatus15, chimps and humans16,17). In rice, inversions are 93 

understudied and have been limited to small and mid-size inversions as a 94 

consequence of the reliance on short-read data for their detection. For example, Wang 95 

et al. (2018) performed a genome scan of inversions in O. sativa cv. Nipponbare (i.e. 96 

IRGSP RefSeq) using re-sequencing data from 453 high-coverage genomes (> 20x ) 97 

from the 3K Rice Genome Project (3K-RGP) and detected 152 ± 62 inversions per 98 

genome with a size range of 127.1 ± 19.4 kb18,19. A phylogenetic analysis of this 99 

dataset, including other SV data, demonstrated that SVs can be used to define the 100 

population structure of Asian rice18. Fuentes et al. (2019) went onto interrogate the 101 

entire 3K-RGP dataset in a similar manner and identified 1,255,033 inversions, with 102 

the vast majority falling in a size range of 50 bp – 500 kb20. A genome scan of the 103 

IRGSP RefSeq, plus reciprocal genome alignment to nine Asian rice and two AA-104 

genome wild relatives (i.e. O. rufipogon and O. longistaminata) confirmed the 105 

presence a previously detected ~5 megabases (Mb) inversion spanning the 106 

centromere of chromosome 6 in four Xian-indica (XI) varieties, relative to four Geng-107 

japonica (GJ) varieties, as well as the two outgroup species21. A broad phylogenetic 108 

study in 13 cultivated and wild Oryza genomes using SVs resulted in the 109 

identification of 12 large inversions (i.e. 60-300 kb) that the authors inferred 110 

potentially led to the rapid diversification of the AA genome species within a 2.5 111 

million years (MY) span22.  112 

Although these studies contributed to a preliminary understanding of inversions 113 
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in rice, they are limited due to their reliance on short-read sequencing technology, 114 

and the number and quality of genomes analyzed. Of note, a comprehensive analysis 115 

of inversions that utilizes ultra-high-quality reference genome sequences, which takes 116 

into account the population structure of Asian rice, remains uncharted. To reveal a 117 

comprehensive understanding of large inversions (≥ 100 bp) and explore their 118 

evolutionary impacts in Asian rice, we used a set of 15 platinum standard reference 119 

sequences (PSRefSeqs) that were sequenced with long-read sequencing technology, 120 

and assembled, edited and validated with a uniform pipeline23,24. When combined 121 

with the O. sativa IRGSP RefSeq25, these data can be used as a “pan-genome” proxy 122 

to represent the subpopulation structure of cultivated Asian rice, i.e. 15-123 

subpopulations from subgroups Geng/Japonica (GJ), Xian/Indica (XI), circum-Aus 124 

(cA), circum-Basmati (cB), plus the largest admixed subpopulation, where K =1524. 125 

This Asian rice pan-genome was then scanned for inversions ≥ 100 bp, all anchored 126 

within a phylogenetic context, using two additional de novo assembled (to a similar 127 

quality) genomes from a representative species of the progenitor of Asian rice (O. 128 

rufipogon) and the BB genome species - O. punctata, as outgroups. 129 

In this study, we comprehensively interrogated this pan-genome dataset to detect 130 

and analyze the inversion landscape of Asian rice at the population structure level, the 131 

results of which revealed salient evolutionary insights into the genome biology of 132 

Asian rice: 133 

1. We created a novel Asian rice pan-genome, including 16 PSRefSeqs that 134 

represent its K=15 population structure, plus PSRefSeqs from two close wild 135 

relatives (O. rufipogon and O. punctata). 136 

2. A pan-genome inversion index of 1,054 non-redundant inversions was 137 

generated and independently validated with physical maps (i.e. Bionano 138 

optical maps) and resequencing data (i.e. 3K-RGP). 139 

3. A novel “pan-genome inversion rate” was estimated at 1,100 inversions per 140 

million years in Asian rice, which is 37 to 73 times higher than previous 141 

estimated in plants. 142 

4. Biological functions via gene disruption, recombination rate, and linkage 143 

disequilibrium (LD) were investigated where we found that, on average, 8 144 

genes were disrupted per genome; the genome recombination rate of a RIL 145 

population decreased from 6.98 to 4.00 cM/Mb; and 88.6% of the inversions 146 

tested may contain traces of recombination. 147 
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5. The biological consequences of a ~400 kb inversion cluster (i.e. 148 

INV030400/INV030410/INV030420) on chromosome 3, that arose in the 149 

Xian/Indica (XI) and circum-Aus (cA) subgroups, was shown to be under 150 

positive selection, and was associated with delayed flowering with respect to 151 

standard genotypes.  152 
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Results 153 

The 18-genome Data Package 154 

To investigate the inversion landscape of Asian rice from a population structure 155 

perspective, we first combined a set of 16 previously published high-quality genomes 156 

that represent the K=15 population structure of O. sativa, plus the largest Xian/indica 157 

(XI) admixed subpopulation (XI-adm: Minghui 63 (MH63)) to create a “pan-genome” 158 

of Asian rice. To anchor this novel pan-genome within a phylogenetic context, we 159 

long-read sequenced, de novo assembled and validated two additional genomes from 160 

both a representative species of the progenitor of Asian rice - i.e. O. rufipogon [AA], 161 

and the African BB genome outgroup species - O. punctata (Table 1, Supplementary 162 

Table 1, Extended Data Fig. 1, and Supplementary Note 1). 163 

All Asian rice assemblies were annotated using a uniform annotation pipeline to 164 

minimize methodological artifacts (Table 1, Supplementary Tables 2-4, Extended 165 

Data Fig. 2, and Supplementary Note 1), except for the XI-adm: MH63 and XI-1A: 166 

Zhenshan 97 (ZS97) genomes, whose annotations were previously published23. 167 

Lastly, we integrated and compared all annotations with that of the GJ-temp: IRGSP 168 

RefSeq25. 169 

All 18 genomes, and their annotations, are henceforth referred to as the “18-170 

genome data package” (See “18-genome data package” in the Supplementary Note 1 171 

section for a complete description of this data set). 172 

 173 

Creation of a Pan-genome Inversion Index for Asian Rice 174 

We pairwise compared 17 reference genome assemblies with the IRGSP RefSeq25 175 

and identified a total of 2,915 inversions (≥ 100 bp) (Table 2, Supplementary note 2), 176 

of which, 1,054  were non-redundant (Supplementary Table 5). As expected, more 177 

inversions were observed when we compared the Asian rice pan-genome with both 178 

the AA and BB genome outgroups to the IRGSP RefSeq: 194 (total length = 13.05 179 

Mb) and 316 (total length = 17.85 Mb) for O. rufipogon and O. punctata, respectively 180 

(Table 2). On average, each O. sativa genome was found to contain 160 inversions, 181 

ranging from 88 (GJ-subtrp: CHAO MEO) to 187 (XI-3B1: KHAO YAI GUANG) 182 

(Table 2). We found a larger number of inversions (172 to 187) when comparing the 183 

O. sativa XI-subgroup genomes to GJ-temp: IRGSP RefSeq, than when comparing 184 
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the O. sativa GJ-subgroup genomes (88 to 112 inversions) to the same reference 185 

(Table 2). The total length of the inverted regions, per genome, ranged from 7.73 Mb 186 

(GJ-subtrp: CHAO MEO) to 14.95 Mb (cA2: NATEL BORO) (Table 2). When 187 

chromosome location was taken into account, these inversions appeared to be evenly 188 

distributed genome-wide (Kolmogorov-Smirnov test, P value 0.02-0.95) 189 

(Supplementary Table 6, Extended Data Fig. 3, Supplementary note 3). 190 

 191 

Species and Subpopulation Specific Inversions 192 

Of the 1,054 non-redundant inversions detected (Supplementary table 5), we 193 

classified them into different categories: i.e. species-specific (the inversion could be 194 

only observed in O. punctata, O. rufipogon or O. sativa genomes); group-specific 195 

(only observed either in GJ, XI, cA or cB subgroup in O. sativa); and genome-specific 196 

(only observed in one of 16 O. sativa genomes). As a result, 968 (91.8%) appeared to 197 

be species-specific (i.e. O. sativa: 550 (totaling 50.21 Mb), O. rufipogon: 105 (11.05 198 

Mb), and O. punctata: 313 (17.84 Mb)) (Fig. 1). The remaining 86 were found in two 199 

or more species and totaled to about 2.06 Mb in size. 200 

Two hundred and forty-five of the 550 O. sativa specific inversions were specific 201 

to one of the 16 O. sativa genomes, while 305 were shared with more than one 202 

genome (Fig. 1). The frequency of 100 randomly selected O. sativa genome-specific 203 

inversions were further investigated in different subpopulations using a subset of 3K-204 

RGP data set (i.e. 192 highly re-sequenced (> 20 ´) accessions) (Supplementary table 205 

7). With the exception of 18% of the inversions, for lack of evidence within the 3K-206 

RGP dataset, the remaining 82% could be classified in four groups: 15% genome-207 

specific inversions, 23% subpopulation specific inversions, 33% near-subpopulation 208 

specific, and 11% subpopulation shared inversions (See supplementary online 209 

methods for category definitions) (Supplementary table 8). 210 

Of the 305 inversions present in more than one of the 16 Asian rice genomes 211 

included in our dataset, we identified 29 that were shared among closely related 212 

populations (Fig. 1), which we defined as “group specific”. Four inversions were 213 

shared among 4 GJ genomes, 3 were shared among 9 XI genomes, 11 were shared 214 

among 2 cA genomes, and 11 were identified by comparing 5 GJ and cB genomes to 215 

11 XI and cA genomes (Fig. 1). These 29 inversions were also studied in different 216 

subpopulations across a high-coverage subset of 3K-RGP dataset. Excluding two 217 
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inversions that couldn’t be tested (i.e. because no reads were observed at the 218 

breakpoints), we found that 11 (38%), 13 (44%) and 3 (10%) inversions were group 219 

specific, near-group specific and group shared inversions at the subpopulation level, 220 

respectively (Supplementary table 8). The remaining 278 inversions appear to be 221 

shared across different genomes or subpopulations reflecting the substantial 222 

admixture in the evolution of subpopulations in Asian rice and mixed ancestry in the 223 

pedigrees of some accessions used (e.g. IR8, IR64, MH63, and ZS97)26,27. 224 

Altogether, > 85% of the genome specific inversions and > 85% of the O. sativa 225 

group specific inversions could be validated with the high-coverage subset of the 3K-226 

RGP dataset, and appear to be Asian rice subpopulation(s)- or subgroup(s)-specific. 227 

This analysis validates the accuracy in detecting inversion boundaries, provides initial 228 

estimates of inversion frequencies in rice subpopulations, and patterns of shared 229 

inversions between subpopulations. 230 

 231 

Five Largest Inversions 232 

We identified 5 inversions greater than 1 Mb relative to the IRGSP RefSeq on 233 

chromosomes 1, 6, 8, and 10 (INV010130 [2.00 Mb], INV010560 [1.82 Mb], 234 

INV060390 [4.57 Mb], INV080710 [1.12 Mb] and INV100690 [1.33 Mb]), two of 235 

which (INV06039028 and INV08071029) were previously reported. 236 

INV010130, INV010560 and INV060390 appear to be Asian rice specific (Fig. 2, 237 

Supplementary Table 5 & 9, Supplementary note 4), and could not be found in the 238 

outgroup genomes. To determine if these inversions are subpopulation(s) specific, we 239 

interrogated the high-coverage subset of the 3K-RGP data set and found that 240 

INV010130 was specific to the XI-3A subpopulation, INV010560 to the cA and XI-241 

adm subpopulations, and INV060390 to the GJ-tmp and GJ-subtrp subpopulations 242 

(Supplementary Table 9, Extended Data Fig. 4, Supplementary note 4). 243 

The remaining two inversions (i.e. INV080710 and INV100690) were detected 244 

only in O. punctata and O. rufipogon, respectively (Supplementary Table 5 & 9), and 245 

thus appeared to be species specific. To test this hypothesis, we investigated the 246 

presence or absence of these inversions in high-quality genomes of 5 additional 247 

Oryza species (i.e. O. nivara [AA], O. glaberrima [AA], O. barthii [AA], and the 248 

distantly related subgenomes of O. coarctata [KKLL] and O. alta [CCDD] 249 

(unpublished data). Results showed that neither of these inversions could be detected 250 
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in these five species. Thus, we conclude that INV080710 (O. punctata) and 251 

INV100690 (O. rufipogon) are species specific. 252 

 253 

Characterization of Transposable Element Content within Inversions and 254 

Breakpoints 255 

Transposable elements (TEs) are known to be associated with inversions18,20,30, thus 256 

we analyzed the TE content across the inversion index, and at their breakpoints. The 257 

total amount of TE related sequences within these inversions ranged from 64% (GJ-258 

subtrp: CHAO MEO) to 73% (XI-adm: MH63) (Supplementary Table 10), which is 259 

significantly (student’s test, p < 0.01) higher than the average content of TEs across 260 

all 16 O. sativa genomes at 51.3% (Table 1, Supplementary table 10 & 11). These 261 

results demonstrate that TEs are enriched within inversions. 262 

Analysis of breakpoints revealed that both long terminal repeat retrotransposons 263 

(LTR-RTs, i.e. Ty3-gypsy and Ty1-copia) and DNA TE Mutator-like elements 264 

(MULEs) were significantly (student’s test, p < 0.01) enriched, when the frequency 265 

of their presence at the 2,108 breakpoints was compared to 21,080 randomly selected 266 

genomic locations (i.e. 10 replicates) (Fig. 3a). We further studied TEs at the 267 

breakpoint of each inversion that were shared across all Asian rice genomes. In doing 268 

so, we identified 17 TE families (i.e. 13 Ty3-Gypsy, 1 Ty1-Copia, 2 CACTA, and 1 269 

Mutator) present at the breakpoints of more than 10 inversions (Fig. 3b & 270 

Supplementary Table 12). An example of an inversion enriched in TEs, including the 271 

internal and LTR portions of at least three different LTR-RTs, is shown in Fig. 3c. 272 

Together, our results reveal an enrichment of TE related sequences both within 273 

inversions and at their breakpoints. 274 

 275 

Characterization of Gene Content within Inversions and Breakpoints 276 

Based on the pan-genome inversion index we identified a total of 15,530 genes 277 

(~1,035/genome) within or at inversion breakpoints (Supplementary Table 13). To 278 

investigate the effect of inversions on the expression of genes located within inverted 279 

regions, we interrogated a transcriptome dataset derived from a subset of the 18-280 

genome data packaged including O. sativa cv. XI-adm: MH63, XI-1A: ZS97 and GJ-281 

temp: Nipponbare (i.e. dataset#2 - see online methods). Based on 284 and 356 282 

expressed orthologous genes between the reference (GJ-temp: IRGSP RefSeq) and 283 

two queries (XI-adm: MH63 and XI-1A: ZS97), we detected 10.9% (31) genes from 284 
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XI-adm: MH63 and 7.3% (26) from XI-1A: ZS97 that were differentially expressed 285 

(DEG, fold change > 2, P value < 0.01) (Supplementary table 14) relative to the O. 286 

sativa cv. GJ-temp: Nipponbare genome. 287 

To investigate the effect of inversions on the transcription of genes located at 288 

inversion breakpoints - i.e. about 55 genes per genome (Supplementary table 13), we 289 

interrogated both our baseline RNA-Seq dataset (dataset#1- see online methods) and 290 

dataset#2 for changes in transcript abundance. On average, 28 of the 55 genes per 291 

genome were found to be expressed in the tissues tested (Supplementary table 14). Of 292 

these, transcript abundance of an average of 20 genes per genome did not change due 293 

to the presence of duplicated genes at both ends of their inversion breakpoints 294 

(Supplementary table 14). An example of this observation is represented by two 295 

OsNAS genes (NAS1 and NAS2) located at the breakpoint of INV030200 (~4.3 kb) 296 

(Fig. 4a & a). The remaining ~8 genes/genome were single copy and were disrupted 297 

by the inversion events, leading to the absence of transcript evidence (Supplementary 298 

table 14). As an example, transcripts of the Nipponbare Fbox gene (Os11g0532600) 299 

can be detected in the four tissues tested. However, the first exon of this gene is 300 

disrupted in MH63 by INV110960, resulting in transcript ablation (Fig. 4C & D). 301 

 302 

Recombination Rate and Genomic Inversions 303 

To evaluate the effect of inversions on recombination frequency, a previously 304 

published recombinant inbred line (RIL-10) population of 210 inbred lines31 derived 305 

from a cross between O. sativa cv. XI-adm: MH63 and XI-1A: ZS97 was 306 

investigated. We detected 78 inversions between MH63 and ZS97, totaling 3.58 Mb 307 

and 3.51 Mb based on the MH63RS2 and ZS97RS2 genome assemblies, respectively 308 

(Supplementary table 15). The recombination rate along each chromosome was 309 

assessed by comparing genetic and physical distances between neighboring bins. The 310 

average recombination rate for each chromosome ranged from 5.95 (chromosome 6) 311 

to 9.92 (chromosome 12) cM/Mb, and varied from 0 to 153.93 cM/Mb across the 312 

genome with an average of 6.98 cM/Mb (Extended Data Fig. 5A). The average 313 

recombination rate over the 78 inverted regions was 4.00 cM/Mb (0 - 23.26 cM/Mb), 314 

which is significantly lower (Student’s t-test, p = 0.0002) than that observed genome-315 

wide (Extended Data Fig. 5B). These results indicate that a marked suppression of 316 

genetic recombination is associated with inversions. 317 

 318 
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Effect of Large Inversions on Population SNP Variation 319 

The occurrence of inversions can affect DNA polymorphism at the population level 320 

in several ways, including increased divergence in the inverted region and changes in 321 

linkage disequilibrium (LD) patterns32. The latter is particularly interesting as it can 322 

affect SNPs that are mapped to positions megabases apart, and can be a confounding 323 

factor in LD-based analyses. To determine whether large O. sativa inversions left a 324 

trace in patterns of LD along the IRGSP RefSeq, we used the 3K-RGP dataset to 325 

examine LD blocks near inverted regions (> 100 kb). First, inversions having a 326 

reciprocal overlap of more than 80% of their length were clustered and considered as 327 

putative unique inversions. In doing so, we considered 53 clusters including from 1 to 328 

6 inversions each (Supplementary Table 16). An inversion fixed in a population may 329 

lead to the disruption of LD blocks, in which some SNPs flanking the inversion on 330 

one side are in LD with SNPs on the distal part of the inversion, but not on the 331 

adjacent part (Fig. 5), due to the reversed order of SNPs inside the inverted region in 332 

samples that carry the inversion allele. By an LD block we mean only a set of SNPs 333 

in high LD (r2 > 0.8 in this analysis).  334 

Next, we examined the entire 3K-RGP variation data set and searched for LD 335 

blocks that connect the flanking regions of inversions, having no SNPs in the 336 

proximal parts of each inversion. Such blocks (Fig. 5), were found in nearly all large 337 

inversions (63 out of 81 [75.3%] alignment-based inversions, or 47 out of 53 [88.7%] 338 

inversion clusters) (Supplementary Table 16) with only two classes of exceptions: i.e. 339 

inversions in regions of complex chromosomal rearrangements (INV080210-340 

INV080250, INV080510-INV080530, INV110600-INV110660), and three putative 341 

“recent” inversions (INV020230, INV100080, INV100320), each of which were 342 

found in single genomes and may lack sufficient frequencies in a population to 343 

contain traces of recombination. Some of the disrupted LD blocks contained a 344 

particularly large number of SNPs and were seen as a distinctive checkered pattern on 345 

LD heat maps (Fig. 5). This comparatively large number of SNPs along with low 346 

haplotype diversity, despite the presence of recombination, could be a consequence of 347 

selective pressure. 348 

 349 

Phenotypic consequences of inversions: Inversion Cluster 92 350 

To investigate the phenotypic consequences of inversions (if any) on agronomic traits 351 

in rice, we correlated ten known phenotypes catalogued in SNP-Seek (https://snp-352 
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seek.irri.org/) across the high-coverage subset of the 3K-RGP data set (i.e. same 353 

subset as mentioned above) with our pan-genome inversion index. In this analysis, 354 

we used a linear model function in R to assess association between phenotype and 355 

inversion status, controlling for population structure, and in doing so, we identified an 356 

inversion cluster (i.e. INVCluster92), 400 kb in length, which was significantly 357 

(linear model test, p < 0.01) associated with delayed flowering time of 13 days, on 358 

average (Fig. 6, Supplementary table 17). 359 

INVCluster92 was found to be composed of three inversions (i.e. 360 

INV030400/INV030410/INV030420), with a minor difference at the breakpoints 361 

(Supplementary table 5), and is shared among twelve of the sixteen genomes in our 362 

Asian rice pan-genome data set (i.e. 9 XI, 2 cA and 1 GJ genomes (GJ-trop1: 363 

Azucena)) (Fig. 6a). Analysis of the 3K-RGP subset revealed that 137 (71.4%) 364 

contained the inversion (INV) genotype, while 55 (28.6%) did not (i.e. standard 365 

genotype (STD)) (Fig. 6a). Comparative LD analysis of STD vs. INVCluster92 366 

genotypes is shown in Fig. 6b, and showed that the LD block of STD genotypes was 367 

disrupted by INVCluster92. In addition, the INV genotypes showed a significantly 368 

higher (student’s test, p < 0.01) nucleotide diversity (π), Watterson's theta (θ), and 369 

Tajima’s D than the STD genotypes (Fig. 6c). This evidence supports the hypothesis 370 

that the regions immediately surrounding INVCluster92 may be under positive 371 

directional selection. 372 

To find clues as to why INVCluster92 is associated with delayed flowering time 373 

(Fig. 6d, left), we compared gene content, structure and expression differences for 374 

eight genes present in both the STD and INV genotypes. Of note, four of these genes 375 

(i.e. LBD3733, EXO70H234, WD40-7635, shl436) have been functionally characterized 376 

(Supplementary table 18), and 4 are unknown (Fig. 6e). Among these eight genes, a 377 

total of 3 SNPs and a 12-bp insertion were observed within the coding sequence 378 

(CDS) regions of two genes - LBD37 (Os03g0445700) and WD40-76 379 

(Os03g0448600). For LBD37, a single ‘G’ to ‘T’ SNP (SNP-1) was observed at base 380 

pair 487 resulting into a non-conservative amino acid change from glycine to cysteine 381 

(Fig. 6f). For gene WD40-76, 4 ‘GCC’ repeats were inserted (in frame) 6 bp after the 382 

start codon, resulting in the addition of 4 alanine residues at the beginning of the 383 

protein. In addition, two additional SNPs were detected in this gene, a synonymous 384 

‘A’ to ‘G’ SNP (SNP-2) at position 468 bp and an ‘A’ to ‘C’ SNP (SNP-3) at position 385 

557bp that changed a charged histidine amino acid into a non-polar proline amino 386 
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acid (Extended Data Fig. 6). We also validated these SNPs across the 3K-RGP high-387 

coverage subset and found that all these natural variants were absent in all (55) STD 388 

genotypes (Supplementary table 19). However, SNP-1 and the 12 bp InDel were 389 

present in 97.8%, SNP-2 was found in 90.5%, and SNP3 was found in all (137) INV 390 

genotypes. 391 

Preliminary transcript abundance analysis of the eight genes were compared using 392 

deep RNA-Seq data from leaves, roots and mixed stage panicles (i.e. RNA 393 

dataset#2). The only difference in transcript abundance that could be observed was 394 

for gene LBD37 in panicle and young leaves, respectively. The LBD37 gene 395 

appeared to be up-regulated in panicle tissue, but down-regulated in young leaf 396 

tissues in INV genotypes, as compare with STD genotypes (Fig. 6g and 397 

Supplementary table 18), which is compatible with the inversion genotype and SNP-398 

1. The phenotype variation analysis based on SNP-1 is also congruent with LBD37 399 

over-expression (Fig. 6d, right), as previously reported in rice, i.e. a delay in heading 400 

date33. These results suggest that SNP-1 within LBD37 is under positive selection and 401 

may contribute to the observed phenotypic variation.  402 
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Discussion 403 

Inversions are an important class of structural variations that have been shown to play 404 

important roles in the suppression of recombination that can lead to the selection of 405 

adaptive traits, reproductive isolation and eventual speciation, and are quite common 406 

in plants22,32,37. For example, over the 50-60 MY history of the Poaceae, where gene 407 

order has been largely conserved, Ahn and Tanksley (1993) showed (using molecular 408 

genetic maps) that multiple inversions and translocations occurred during the 409 

evolution of maize and rice from a common ancestor38. 410 

Here, we present, to our knowledge, the first comprehensive analysis of the 411 

inversion landscape of any cereal at the population structure level with the discovery 412 

of 1,054 non-redundant inversions that range from 8 Mb to 25 Mb in cumulative size 413 

(Table 2). It is estimated the AA genomes of the Oryza diverged from the BB 414 

genome type about 2.5 million years ago (MYA)2, which equates to an inversion rate 415 

of 63.2 inversions per million years (i.e. 316 inversions/ (2*2.5 MY)) - about 2 to 4 416 

times higher than that recently estimated in plants (i.e. 15 to 30 inversions/MY)32. 417 

However, Huang and Rieseber32 (2020) noted that this earlier estimate should be 418 

considered an underestimate and is dependent on the quality of the genomes 419 

analyzed, and other factors. If we use the implied AA genome diversification rate of 420 

~0.50 net new species/million years2,22, then we calculate an inversion rate of 194 O. 421 

sativa inversions/MY - about 6.5 to 13 times higher than recently estimated in 422 

plants32. Taken one step further, by taking into account that Asian rice is estimated to 423 

have been domesticated 10,000 years ago2, and using only divergence within GJ 424 

group genomes not shared by any other groups (22 out of 88 inversions in KETAN 425 

NANGKA) which is likely post domestication, we can arrive at an estimated 426 

inversion rate > 1,100 inversions/MY (i.e. > 37 to 73 times previous estimates in 427 

plants32). Such a rapid pan-genome inversion rate over such a short time period may 428 

be reflective of high fixation rates of rearrangements in plants6, high chromosomal 429 

evolution rates in annual plants39-41, and intense human selection since the dawn of 430 

agriculture18,20,42. 431 

Although an inversion genome scan for rice has been previously published20, 432 

when we extracted the inversion coordinates (i.e. 2,402 inversions, average length 433 

43.3 kb), from the same set of 15 accessions used to generate our pan-genome 434 

mapped to the IRGSP-RefSeq, we found that only 200 could be validated with dot 435 

plots (a 91.7% false positive rate) (Supplementary Table 20), 194 of which 436 
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overlapped with our inversion index. The 6 remaining contained 2 that overlapped, 437 

and only 4 that were not present in our inversion index (Supplementary Table 21). 438 

These analyses combined reveal the limitations of inversion callers with short read 439 

data and provide a cautionary note as to the validity of many of the inversions 440 

catalogued to date. 441 

Several key factors led to our ability to generate a definitive gene inversion index 442 

for cultivated Asian rice. The first was our use of a set of 16-ultra high-quality 443 

reference genomes that represented the K = 15 population structure of Asian rice24， 444 

and 2 phylogenetically anchored wild AA and BB genome species (Table 1 and 445 

Supplementary Table 1). Secondly, we did not computationally collapse this 18-446 

genome data package into pan-genome (e.g. genome graph), but maintained all 18 447 

genomes in their native state. This was key to our ability to precisely compare all 448 

genomes one-by-one. Lastly, we interrogated a high-sequence coverage subset of the 449 

3K-RGP data to estimate and validate the population genetics of each inversion. As 450 

sequencing costs continue to plummet, the ease at which ultra-high-quality genomes 451 

can be generated, and with computational power exceeding current limits43-45, we 452 

predicted that there will no longer be a need to computationally generate pan-453 

genomes to perform similar analyses across much larger genomes, such as wheat 454 

(genome size = 15 Gb)46. 455 

The Asian rice pan-genome inversion index is the first step on our quest to 456 

precisely discover all standing natural variation that exists in Asian rice and 457 

eventually the genus Oryza as a whole. The next step will be the generation of a 458 

digital genebank for Asian rice whereby resequencing data from > 100,000 459 

accessions will be mapped to our pan-genome - i.e. all 16 genomes. Preliminary data 460 

(unpublished) shows that we can now easily call SNPs with resequencing data from > 461 

3,000 individuals in 5 days per genome or less using supercomputer workflows 462 

optimized for GATK447 software. Such call rates will undoubtedly increase over the 463 

next year with a targeted rice digital genebank release date of January 1st, 2025. 464 

 465 

Online Methods 466 

All the methods are available in the supplementary information.  467 
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Figs legends 497 

Fig. 1 Inversion landscape across 17 PSRefSeqs all relative to the IRGSP RefSeq shows 498 

species-specific, group-specific and genome-specific inversions, i.e., species-specific 499 

inversions (O. punctata and O. rufipogon) are shown by black rectangles, group-specific 500 

inversions are shown by red rectangles, and genome-specific inversions are shown by yellow 501 

rectangles, respectively. On the left, accessions are phylogenetically ordered24, on the bottom, 502 

the tree are the clustering of inversions, and on the right, the numbers and lengths of the 503 

specific inversions are presented.  504 

 505 
 506 

Fig. 2 Bionano validation of inversions larger than 1Mb. a. INV010130, b. INV010560 and c. 507 

INV060390. In each panel, the top line has the optical map used as a reference, the bottom 508 

line has the genome assembly of the variety with the inversion. Gray lines connect restriction 509 

sites that are aligned (blue regions), while yellow segments are unaligned regions. Black 510 

boxes highlight the position of the inversion. 511 

 512 
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Fig. 3 Transposable elements (TEs) are associated with inversions. 513 

a. The amount (y-axes) of different TE families (x-axis) show that three TE families (i.e. 514 

LTR-RT Ty1-copia, Ty3-gypsy and DNA-TE MULE) were observed in higher frequencies at 515 

the breakpoints of the pan-genome inversion index than the resampled control tests. Box-516 

plots and bar-plots show the frequencies of TEs observed at the breakpoints of 10 random 517 

resampling regions and the pan-genome inversion index, respectively. 518 

b. Enrichment/depletion of 17 TEs present at the inversion breakpoints with more than 10 519 

copies. 520 

c. Details of Ty3-gypsy Os0025 presence at inversion breakpoints, with support from CCS 521 

PacBio long reads. 522 

  523 
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Fig. 4 Transcript abundance of genes located at inversion breakpoints. 524 

a. Two copies of the OsNAS gene lie at the end of an inversion in the MH63RS2 (XI-adm) 525 

genome. This inversion disrupted the 5’ UTR regions. 526 

b. OsNAS gene transcript abundance in root tissue. 527 

c. The coding sequence (CDS) of a Fbox gene was disrupted by an inversion in the 528 

MH63RS2 (XI-adm) genome. 529 

d. Fbox transcript abundance was suppressed in all tissues tested in the MH63RS2 (XI-adm) 530 

genome. 531 

  532 
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Fig. 5 Population level SNP variation across large inversions. A schematic diagram of LD 533 

block disruption arising from the presence of an inversion, as shown in A and B. 534 

a. Cartoon view of an inversion with breakpoints disrupting two LD blocks. 535 

b. Expected features of the corresponding LD heat map. 536 

c. Example of SNP blocks in high LD that are disrupted by an inversion. 537 

d. The panel shows alignments, with the inversion marked by dotted lines. Small vertical 538 

lines above the horizontal axis mark the location of SNPs constituting a disrupted LD block. 539 

Orange and blue colors delineate two LD blocks that are contiguous in the of GJ-trop1 540 

population, but appear as split when aligned to the IRGSP RefSeq (GJ-temp). Disruption of 541 

Azucena (GJ-trop1) haplotype blocks along the IRGSP RefSeq in the region of INV030410, 542 

as shown in e and f. 543 

e. Genotype heat map of the GJ-trop1 subpopulation (samples in rows, SNPs in columns; 544 

light yellow: reference call, orange: heterozygous, brown: homozygous variant). 545 

f. LD heat map of the same subpopulation. Dotted lines show the inversion region. Darker 546 

colors show larger r2. Note that the scaling of X-axis in the genotype heat map is not uniform, 547 

allotting half of X axis space to the inverted region. 548 

  549 
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Fig. 6 An integrated study of ClusterINV92. 550 

a. Genome comparisons identified that inversion ClusterINV92 arose in XI and cA genomes 551 

and are nearly fixed in XI and cA subpopulations. Note: a means 192 deep re-sequenced (> 20 552 

´) samples from the 3K-RGP were used for validation. b. LD block disruption arising from 553 

the presence of ClusterINV92in populations with INV genotypes compared to standard 554 

(STD) genotypes. c. Population genetic variation of nucleotide diversity, theta, and Tajima’s 555 

D of inversion cluster 92 genotypes compared to standard (STD) genotypes. The gray vertical 556 

lines delimit the inversion coordinates on the IRGSP reference. d. Phenotyping test shows a 557 

significant difference (linear model test, p < 0.01) in flowering time between ClusterINV92 558 

genotypes and standard (STD) genotypes (left), and SNP variation in the LBD gene (right). 559 

e. A total of 8 genes, including 4 reported genes, were observed in ClusterINV92. f. A single 560 

SNP (G to T) caused a non-conservative amino acid change from the hydrophobic glycine 561 

(Gly) to hydrophilic cysteine (Cys) within the LBD gene. g. Expression of the LBD gene was 562 

up-regulated in panicle tissue, and suppressed in young leaf tissue of INV genotypes XI-adm: 563 

MH63 and XI-1A: ZS97, compared with the standard IRGSP RefSeq genotype. 564 

  565 
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Extended Data Figs 566 

Extended Data Fig. 1 The 18-genome dataset (18 PSRefSeqs) was input into Persephone 567 

(https://web.persephonesoft.com/) and made publicly available. 568 

a. A panel shows overall alignments of the 18 maps (genomes) using chromosome 1 as an 569 

example. The gray lines show the alignments of sequence tags and the yellow ribbons show 570 

the inversions. 571 

b. A panel shows an 800 kb region that includes INVcluster92 with yellow ribbons. 572 

  573 
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Extended Data Fig. 2 Cumulative AED distributions of 13 genomes and their annotations 574 

were plotted. 575 

  576 
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Extended Data Fig. 3 Chromosome distribution and amount of inversions. 577 

a. Genome-wide distribution of inversions based on the GJ-temp: IRGSP-1.0 genome. 578 

b. Number of inversions on 12 chromosomes based on the GJ-temp: IRGSP-1.0 genome. 579 

 580 
 581 

Extended Data Fig. 4 Validation of the 3 large (> 1 Mb) inversions in Asian rice, 582 

(INV010130, INV0101306 and INV060390) using NGS read data having at least 20´ 583 

coverage from 192 3K-RGP samples. 584 

 585 
  586 
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Extended Data Fig. 5 Recombination rate variation and inversion distribution in two O. 587 

sativa PSRefSeqs (XI-adm: MH63RS2 and XI-1A: ZS97RS2). 588 

a. Recombination rate of a RIL mapping population (Minghui 63 ´ Zhenshan 97). Dot points 589 

indicate the recombination rate and gray boxes indicate inversions. 590 

b. Comparison of recombination rate across inversions vs. genome-wide. 591 

 592 
Extended Data Fig. 6 Two SNPs and a 12 bp InDel variant were observed within WD40-76 593 

gene. 594 

  595 
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Tables 596 

Table 1. Assembly and annotation statistics of 18 Oryza reference genomes (18-genome data 597 

package).  598 

Table 2. Summary of inversions identified across the 18-genome dataset. 599 

 600 

Supplemental Tables 601 

Supplementary Table 1. Sequencing, data statistics of genome features, and BUSCO 602 

evaluation of de novo assemblies for 2 new wild Oryza genomes, i.e. O. rufipogon [AA] and 603 

O. punctata [BB]. 604 

Supplementary Table 2. Genome annotation statistics of 13 genomes. 605 

Supplementary Table 3. BUSCO assessments of genome annotations using both (a) 606 

transcriptome, and (b) protein model evidence. 607 

Supplementary Table 4. Amount of PacBio Iso-Seq and RNA-Seq transcripts used for 608 

genome annotation. 609 

Supplementary Table 5. Pan-genome inversions across the 18-genome data package, by 610 

comparing 15 O. sativa accessions, and 2 close relative genomes to the IRGSP-1.0. RefSeq. 611 

Supplementary Table 6. Kolmogorov-Smirnov (KS) tests for genome-wide inversion 612 

distribution. 613 

Supplementary Table 7. Asian rice subpopulation validation for specific inversions. 614 

Supplementary Table 8. A summary of subpopulation specific and group specific 615 

inversions. 616 

Supplementary Table 9. Details of 5 large inversions (> 1 Mb). 617 

Supplementary Table 10. Summary of TE content of fine-scaled inverted regions based on 618 

16 Asian rice genomes. 619 

Supplementary Table 11. TE annotation of 16 Oryza sativa genomes. 620 

Supplementary Table 12. 17 TEs from 4 superfamilies were observed with a higher amount 621 

(> 10 in this study) at inversion breakpoints of 16 Asian genomes. 622 

Supplementary Table 13. Gene content analysis of inversions across 16 Asian rice genomes. 623 

Supplementary Table 14. Comparison of transcript abundance levels for genes that were 624 

located within inversions, or at inversion breakpoints. 625 

Supplementary Table 15. Seventy-eight inversions identified between XI-adm: MH63RS2 626 

and XI-1A: ZS97RS2 genomes, the parents of a RIL-10 population. Note: To identify 627 

recombination rates, we only focused on inversions > 1 kb. 628 

Supplementary Table 16. Cluster for inversions larger than 100 kb. 629 
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Supplementary Table 17. Investigation of 10 phenotypes. FT: flowering time from sowing. 630 

GWE: 100 grain weight (g). PL: panicle length (cm). PS: panicle shattering. SF: spikelet 631 

fertility. LS: leaf senescence. LW: leaf width. LL: leaf length. SIEC12: Salt injury at EC12. 632 

SIEC18: Salt injury at EC18. 633 

Supplementary Table 18. Transcript abundance (FPKM value) of 8 genes located within 634 

ClusterINV92 (INV030400/INV030410/INV030420). 635 

Supplementary Table 19. Validation of inversion ClusterINV92 and variants (3 SNPs and 636 

one 12 bp InDel) among different subpopulations by using 192 deep re-sequenced samples (> 637 

20´). 638 

Supplementary Table 20. Validation of 2,042 predicted inversions, of the same accessions 639 

used to create the Asian rice pan-genome, collected from the 3K-RGP data set. 640 

Supplementary Table 21. A list of 6 inversions that were identified from the 3K-RGP data 641 

set, but were missed in the Asian rice pan-genome inversion index. INV3KSNPSEEK71124 642 

and INV3KSNPSEEK71127, and INV3KSNPSEEK117247 and INV3KSNPSEEK117248 643 

were found to be overlapping, and thus, were considered as a single inversion, resulting in 4 644 

inversions were undetected in the pan-genome inversion index.  645 
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