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Genomic structural variations affected widely gene function
and morphological traits in plants. Chromosomal inversions (INVs),
as an important form of structural variation, can be large and
extend to megabases in length [1], and form the genetic basis of
local adaptation and ecotypic differentiation in sunflowers [2],
Boechera stricta [3], monkeyflowers [4], mimetic butterflies [5]
and ruffs [6], sex determination in nine-spined stickleback [7]
and cancer and neurodevelopmental disease in human [8]. At pre-
sent, structural variants, and in particular, INVs, remain largely
uncharacterized in plants despite their importance for local adap-
tation in a variety of species [1], with only a few studies exploring
INVs polymorphisms at the population level. Hence, it remains
unclear whether adaptive INVs can directly shape the genetic basis
for diverse phenotypes in plants, especially in domesticated crops.

As one of the most important staple food crops worldwide, rice
has been extensively studied with abundant genomic sequencing
data for wild and cultivated species and subpopulations perform-
ing various ecological and agronomic traits. That makes it an ideal
subject for assessing the INV landscape and its potential applica-
tion in population genetics, e.g., gene mining, in a domesticated
species, especially following the publication of high-quality geno-
mic, transcriptomic, and phenotypic datasets for a pan-genome
rice population in our previous study [9]. Recently, a pan-
genome inversion index was built from 1769 non-redundant INVs
based on comparative genomic analysis of 73 wild and cultivated
genomes [10]. However, to fully release the great potential of INVs
in population level, it is still necessary to generate and assess a
large scale of INV dataset derived from genomic sequencing data-
set that could be an important model for utilizing the large amount
of genomic sequencing data accumulated for the past years in rice.
In this study, we conducted a large-scale screening of the genomic
INVs in 377 cultivated and wild rice accessions to understand the
associated genetic and phenotypic variations. Our results provide
a comprehensive picture of gene structure and expression changes
caused by the widespread INVs in rice, indicating an important role
of the genomic inversions in shaping the plant’s genetic and phe-
notypic diversity.

A diverse and representative rice collection with long sequenc-
ing reads (Table S1 online) was constructed from two cultivated
rice species, Asian cultivated rice (Oryza sativa) and African culti-
vated rice (Oryza glaberrima), and their wild relatives, Oryza rufi-
pogon and Oryza barthii. A total of 3499 INVs were identified
among the 12 chromosomes with a non-uniform distribution
(Fig. 1a and Table S2 online), e.g., Chr11 contained the largest num-
ber and density of INVs (452 and 7.8/500 kb, respectively) while
Chr1 have a much smaller number of INVs (286) with the lowest
density (3.3/500 kb). Although lengths of the identified INVs varied
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extensively, ranging from 51 to 999,964 bp, we observed three
peak modes of 1.8 kb, 24.3 kb, and 304.8 kb in the length distribu-
tion based on the gaussian mixture model (Fig. 1b), suggesting
potentially different molecular mechanisms for the emergence of
INVs with different lengths. Among them, 190 common INVs were
shared with all the wild and cultivated rice species and 2334 INVs
were species-specific (Fig. 1c and Fig S1 online). To evaluate the
quality of the obtained INVs, PCR experiments were conducted to
validate 9 selected INVs with specific primers around their inver-
sion breakpoints (Fig. S2, Tables S3 and S4 online), which con-
firmed the existence of those inversions.

Functional annotation was performed to investigate potential
structural changes in genes caused by the INVs. Among all genes
located in the proximity of INVs, only 5.9% showed structural vari-
ation directly caused by INV breakpoints (Fig. 1d). These were clas-
sified according to their structural consequence, namely transcript
region across the breakpoint (across-break, 3.0%); cover the whole
INV (cover-whole-INV, 0.4%); promoter region across the break-
point with the transcript region inside the INV (inner-promoter,
1.4%); promoter region across the breakpoint with the transcript
region outside the INV (out-promoter, 2.1%). Those INV-related
genes were significantly enriched in stress/stimulus response-
related functions, cell periphery/wall, and transferase/kinase/cat-
alytic activity (Fig. 1e). Compared to the whole genome dataset,
the percentage of stress response-related genes was 1.9% higher
than the background dataset. Likewise, the percentage of genes
expressed at the cell periphery increased by 1.3% and the trans-
ferase activity-related genes increased by 1.7% (Fig. 1e). Those
results suggested INVs played an important role in rice stress resis-
tance probably by affecting those resistance genes expressed
around the cell surface.

We then identified potential INVs that contribute to gene
expression differences and phenotypic variations in rice popula-
tions. A total of 863 INVs were detected as expression quantitative
trait loci (eQTLs) showing significant associations with the expres-
sion of 4722 genes (Fig. S3 online), in which 414 genes were previ-
ously associated with plant growth and development, photoperiod
and temperature response, and biotic and abiotic stress resistance,
etc. Among them, 162 genes were significantly regulated by at
least one nearby INV in their different regions (Fig. 1f and Fig. S3
online). As INV-related genes showed a clear bias on stress
response functions, we selected a local eQTL (OsINV10,
Chr10_20836592_20861493) adjacent to a stress response gene,
LOC_Os10g39130 (P = 6.2 � 10�12), for further analysis (Fig. 1g
and Fig. S4 online). The promoter region of this gene covered across
the breakpoint of OsINV10 and was rearranged by this inversion
event (Fig. 1g). LOC_Os10g39130 is also known as MADS56 (or
GL10) conferring flowering time [11] and grain size [12] in rice.
Homologous regions of MADS56 were further screened in 197 cul-
tivated rice accessions with a total of 37 haplotypes being detected
that could be divided into four clusters (Fig. 1h). The INV-related
haplotype cluster (t1) showed both significantly higher expression
levels and significantly stronger heat-resistance compared to the
Fig. 1. INV landscape and its effects on functional genes. (a) The chromosome distributio
INVs. Different colored fit curves represent three potential normal distributions of the INV
Og: Oryza glaberrima; Or: Oryza rufipogon; Os: Oryza sativa. (d) Proportion of different INV
except for the inner-promoter genes. The out genes denoted those genes located outside
enrichment for INV-related genes, compared to annotated genes in the reference genome
by the eQTLs. (g) The MADS56 was a candidate gene for the eQTL, INV10. Population freq
charts below. XI: Xian/Indica; GJ: Geng/Japonica; cA: circum-Aus; cB: circum-Basmati or
in cultivated rice. The gray triangle denoted a large deletion in this gene as described by
between different haplotype clusters of MADS56 genes. (k, l) Phenotypic performance
expression (OE) plants for MADS56. (m, n) Phenotypic performance (m) and heat-resist
MADS56. The white scale indicates a length of 5 cm in (k) and (m). The asterisks in (i), (j),
P < 0.01; ***, P < 0.001).
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non-INV haplotypes as revealed by the Student’s t-test (Fig. 1i, j),
indicating that the MADS56 was a candidate gene conferring rice
heat-resistance. Genetic complementation experiments further
confirmed that the transgenic rice plants with overexpressed
MADS56 showed significantly stronger heat-resistance than the
wild-type plants (Fig. 1k, l) and knock-out of MADS56 resulted in
a significant decrease in rice heat tolerance (Fig. 1m, n). The
MADS56 has been previously reported to be involved in plant hor-
mone signal transduction, especially in GA biosynthesis and signal-
ing transduction in rice seedlings [12], indicating that the MADS56
was likely to be involved in GA biosynthesis and signaling trans-
duction related to the regulation of heat resistance.

There have been continuous efforts to understand the genetic
and functional mechanism behind INVs for utilizing complex geno-
mic variations in modern crop breeding. In this study, we have
generated a large scale of population INV dataset to assess their
functional effects on the genic and phenotypic variations in rice,
which could serve as an integrated model for employing INVs in
gene mining and functional genomics studies. The detection of
INV from genomic sequencing data has the advantages of simplic-
ity, efficiency, and a large amount of available data. However,
many potential loci that are absent in the reference genome may
be lost when compared to a single reference genome. Therefore,
it might be a better approach to apply the pan-genome as a refer-
ence genome for variation analysis in future studies, after solving
the problems in the accuracy and efficiency of mapping tools for
pan-genome.
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