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Time-ordering japonica/geng genomes analysis indicates
the importance of large structural variants in rice breeding
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Summary

Temperate japonica/geng (GJ) rice yield has significantly improved due to intensive breeding
efforts, dramatically enhancing global food security. However, little is known about the
underlying genomic structural variations (SVs) responsible for this improvement. We compared
58 long-read assemblies comprising cultivated and wild rice species in the present study,
revealing 156 319 SVs. The phylogenomic analysis based on the SV dataset detected the
putatively selected region of GJ sub-populations. A significant portion of the detected SVs
overlapped with genic regions were found to influence the expression of involved genes inside
GJ assemblies. Integrating the SVs and causal genetic variants underlying agronomic traits into
the analysis enables the precise identification of breeding signatures resulting from complex
breeding histories aimed at stress tolerance, yield potential and quality improvement. Further,
the results demonstrated genomic and genetic evidence that the SV in the promoter of LTGT7 is
accounting for chilling sensitivity, and the increased copy numbers of GNP7T were associated with
positive effects on grain number. In summary, the current study provides genomic resources for
retracing the properties of SVs-shaped agronomic traits during previous breeding procedures,
which will assist future genetic, genomic and breeding research on rice.

Introduction

China was one of the first countries to domesticate and cultivate
rice, and it is now the world’s largest producer and consumer of
rice (Muthayya et al.,, 2014). The last century has witnessed
quantum leaps in the rice productivity of China from 1.9 hm? in
1949 to 7.0 thm? in 2018 (http://faostat.fao.org/). This increased
rice productivity could be primarily attributed to the introduction
of semi-dwarf and hybrid rice varieties, and partially to the rapid
expansions of high-yielding temperate GJ varieties. In the national
new rice varietal trials in northeast China, the average yield of
new temperate GJ varieties was from 8.3 /hm? in 2004 to 9.0 t/
hm? in 2018 (Fei et al., 2020). Despite tremendous gains in GJ
rice breeding, the genomic modifications caused by yield
enhancements obtained during previous breeding procedures
are mainly unknown.

With the application of next-generation sequencing technology
(NGS), diverse rice accessions have been sequenced in recent years
(Huang et al., 2010, 2012). Population genomic research on the
evolution and domestication of rice has progressed significantly
(Wang et al., 2018; Zhang et al., 2021). The breeding signature,
which was referred to as genomic changes associated with breeding
efforts, was also identified using NGS (Chen et al., 2020; Cui
et al., 2022; Xie et al., 2015). Although copy number variants
(CNVs) and presence/absence variants (PAVs) are known to have

played important roles in the genetic regulation of agronomical
traits, short-read sequences by NGS have limited power in identi-
fying these SVs (Cook et al, 2012; Deng et al., 2017; Hirsch
et al, 2014; Hufford et al, 2012; Lu et al, 2015; Lye and
Purugganan, 2019; Shomura et al, 2008; Xu et al., 2006).
Although recently reported pan-genome analysis of 33 and 251
genetically diverse rice accessions have revealed hidden SVs among
Oryza sativa indica (XI), GJ and Oryza glaberrima (Qin et al., 2021;
Shang et al., 2022), it remains unclear how SVs behaved and acted
as an important contributor to trait improvements in the breeding
process of temperate GJ varieties.

Here, we analysed the 58 long-read assemblies, including 12
time-ordering de novo assembled high-quality genomes for
diverse GJ varieties bred from 1882 to 2011 that played
important roles during the history of GJ rice breeding, and 46
existing long-read assemblies (Qin et al., 2021; Stein et al., 2018;
Zhang et al., 2022) to answer the question of how SVs behaved
and contributed to the GJ breeding by analysing the distribution
and effects of SVs in these genomes and by identifying critical
CNVs during temperate GJ rice breeding that could not be
detected by short-read sequences. Beyond showcasing the power
of high-quality genome assemblies for plant genomics and
functional genomics research, the newly identified SVs will
facilitate the genetic improvement of GJ through both marker-
assisted selection and genomic selection.
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Results
De novo assembly and annotation of 12 GJ rice genomes

We chose six interrelated modern Chinese temperate GJ varieties
and six related Japanese GJ varieties to investigate genome
enhancement in temperate GJ varieties during modern breeding.
After their release, all 12 varieties were extensively grown from
1882 to 2011 in Japan and China. As core parents in breeding
efforts, they have made significant contributions to the enhance-
ment of temperate GJ rice types (Figure 1a,b). The Nanopore
libraries of the 12 varieties were constructed and sequenced
individually with an average coverage depth of 117x (Table S1).
lllumina sequencing (HiSeq) with an average coverage depth of
65x (Table S2) and chromosome conformation capture (Hi-C)
sequencing with an average depth of 372 x were also performed
(Table S3). Then, we generated the de novo genome assembly for
each variety. The Hi-C data were used to further correct the
assembled genome; the scaffolds were clustered, ordered and
oriented onto chromosomes (Figure S1). The contig N50 sizes of
the 12 genome assemblies ranged from 8.77 to 15.84 Mb with a
mean of 13.68 Mb (Table S4). Finally, the 12 assembled genome
sizes ranged from 379.07 to 385.87 Mb with a mean of
380.41 Mb. For each variety, an average of 99.54% of contigs
were anchored to the chromosomes. The lllumina readings from
each variety were then re-mapped onto the assembled genomes.
The mapping ratio reached 98.69%, indicating that each
constructed genome was nearly complete. We identified, on
average, 40 079 protein-coding genes for each assembly. The
completeness estimated by Benchmarking Universal Single-Copy
Orthologs (BUSCO; Simao et al., 2015) was 97.9% (Table S4).
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Genomic analysis of 58 long-read de novo assemblies

We then collected 55 de novo assembled genomes of wild-type,
Xl, GJ and circum-Aus group (cA), which encompasses the Aus,
Boro and Rayada ecotypes from Bangladesh and Indica, and
circum-Basmati group (cB), which comprises the Basmati and
Sadri aromatic varieties published based on the long-read
sequencing techniques (Qin et al., 2021; Stein et al., 2018;
Zhang et al., 2022). After discarding duplicated assemblies, 45
collected assemblies and our 12 assembled genomes were
compared to the genome of Nip (Kawahara et al., 2013) using
MUMmer (v 4.0) (Marcais et al., 2018; Table S4). We observed a
total of 156 319 SVs >50 bp relative to Nip, which could be
converted into five types, including 41 331 insertions (INS),
57 184 deletions (DEL), 567 inversions (INV), 17 281 transloca-
tions (TRA) and 39 956 other types SVs (NOTAL: not aligned
region, HDR: highly diverged region, TDM: tandem repeat;
Figure 2a, Table S5 and Figure S2). The phylogenetic analysis
and principal component analysis (PCA) of these 58 assemblies
based on the 156 319 SVs showed that the 12 assemblies were
clustered together with seven temperate GJ assemblies (KY131,
Kosh, ZH11, 02428, DHX2, TG22 and Nip; Figure 2b,c). Popu-
lation structure analysis indicated that the slight introgression
from Xl, cA and cB might occur in the genome of several GJ
genomes, such as 02428, DHX2 and YF47 (Figure 2d).

Characterization and SVs related to temperate GJ
breeding histories

Subsequently, we concentrated on the GJ and attempted to
identify SVs associated with temperate GJ breeding histories.
Even though the 17 temperate GJ genomes generally have

Aikoku

Figure 1 Agronomic phenotypes and pedigree relationship of the genome for 12 GJ varieties. (a) The pedigree relationship among the 12 temperate GJ
assemblies. The colours orange and blue stand for Chinese GJ and Japanese GJ respectively. (b) The plant and panicle architecture of 12 temperate GJ

varieties assembled in this study.
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Figure 2 Population structure of 58 long-read assemblies. (a) The average SVs density of 58 assemblies. (b) Phylogenetic tree of 58 accessions including 12
assemblies in this study and 46 existing assemblies. The assemblies with red colour represent the 12 assemblies in the current study. Scale bar = 0.1. (c)
Principal component analysis (PCA) plot for 58 de novo assemblies. (d) STRUCTURE analysis of 58 accessions with different numbers of clusters K = 4-6.
The assemblies with red colour represent the 12 assemblies in the current study.
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conservative gene-order syntenic relationships at the chromo-
some level, we found a total of 52 446 SVs, including 17 618
INS, 18 254 DEL, 205 INV, 5140 TRA and 11 229 other types of
SVs (NOTAL: not aligned region and HDR: highly diverged region;
Figure 3a). Our data indicated that 21.4% of the detected SVs
overlapped with 2 kb upstream regions of rice genes (Figure 3b).
Most of the five types of SVs among 18 assemblies were 50—
500 bp (Figure S3). Notably, these SVs are unevenly distributed
across different chromosomes and are more abundantly present
on chromosomes 1, 4, 6, 7, 11 and 12 (Figure 3c, Figures S4 and
S5). Figure 3d shows many large SVs in some assemblies,
revealing historical events during these varieties’ breeding. For
example, the inversion across the centromere of Chromosome 6
in 02428 and ZH11 was reported as the most remarkable
difference between Nip and R498 (Du et al., 2017), indicating
that the large-fragment introgression from XI might occur in this
region of 02428 and ZH11. To investigate the behaviours of SVs
during previous breeding procedures, we classified the discovered
SVs into four distinct sets based on their existence in the 17
varieties issued at four different times and attempted to monitor
the flow of the SVs throughout the breeding history (Figure 3e).
We defined the SVs only existing in one group as specific SVs, and
the SVs not only existing in the first batch (shown in pink in
Figure 3e) but also inherited into at least one group as common
SVs. The result showed that 51.47% of SVs were specific SVs
(Figure 3f). The common SVs included 16 114 (30.72%) SVs
derived from Japanese GJ varieties prior t01980 and inherited by
more recent breeding lines (Figure 3f). We found that the
proportion of INS and INV was higher in common SVs compared
to that of specific SVs (Figure 3g). The more abundance of INS
was expected because of their possible fewer degrees of
deleterious effects on plant growth and development, and the
INV represses the recombination which might easy to be inherited
(Crow et al., 2020; Kapun and Flatt, 2019). Moreover, common
SVs preferred to be located in the intergenic region (Figure 3h),
supporting that a vast majority of SVs in the coding region are
deleterious, thus being discarded in breeding (Hamala
et al., 2021).

SVs impact gene expression profiles and selection

We evaluated the SV distribution in terms of their relative
locations to genes to investigate the potential relevance of the
discovered SVs. We determined that 41.5% of the SVs observed
overlapped with genic sites. Furthermore, 21.4% of SVs in genic
areas matched the 2 kb upstream sequences of gene coding
regions, and 48.4% were associated with transposable elements.
These amounts remained consistent across all 17 genomes
(Figure 3b, Figure S6). The GO enrichment analysis and Genes
and Genomes (KEGG) pathway analysis of the SVs located in the
gene promoter, UTR and CDS regions showed that the SVs-
related genes were enriched in peptidyl-threonine phosphoryla-
tion and the pathways related to fatty acid elongation (Figure S7).
These findings suggested that SV-related genes may play signif-
icant functions in the chloroplast membrane system. We subse-
guently compared the expression levels of the SV-related and
normal genes using the RNA-sequencing data and found that a
consistently higher portion of the SV genes had significantly low
expression levels than the normal genes in all varieties (Figure 4a).
This result indicated that genes impacted directly by SVs tend to
have reduced expression. We conducted an in-depth analysis to
demonstrate the difference in gene expression characteristics
between different types of SVs. The results showed that INS
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exhibited fewer degrees of effects on gene expression than DEL
and INV (Figure S8). However, a 288 bp insertion upstream of
low-temperature growth 1 (LTG1) was found in six varieties. This
insertion was associated with increased expression of LTGT in
these varieties (Figure 4b). Rice cultivars harbouring dominant
LTGT are more tolerant to low temperatures than those with the
other type of alleles (Lu et al., 2014), suggesting a crucial role of
LTGT in regulating the chilling tolerance of rice. We measured
days to heading (DTH) of the 12 varieties plus Nip under a high
temperature (HT) of 28-33 °C and low temperature (LT) of 20—
25 °C on a short day (10 h light/14 h dark) incubator conditions.
When cultivated under LT circumstances compared to HT
settings, those cultivars lacking SVs in LTG1 showed more than
12 days of delayed DTH. Varieties with SVs in LTG7, however,
showed delays of fewer than 8 days (Figure 4c). Furthermore,
plants of two independent CRISPR/Cas9-based knockout lines
(Itg1-cr1 and ltg1-cr2) showed delayed DTH under LT conditions
compared to the WT (Sasa; Figures 4d,e), confirming that the
insertion in the promoter region of LTG1 lowering sensitivity to
low temperature.

Gene CNVs characterization of GJ genome

Gene CNVs are widely distributed in plant genomes and are
known to influence crop evolution and domestication, yet
resolving gene CNVs is still difficult (Lye and Purugganan, 2019).
We took advantage of our high-quality assemblies to assess the
CNVs in the temperate GJ genomes and examined their possible
effects on important agronomic traits. The whole-genome
comparisons revealed a total of 9628 genes with CNVs in the
18 temperate GJ assemblies, which could be involved in the
hormone response, disease resistance process, stress response,
photosynthesis, etc. (Figure S9). We chose a representative
selection of 225 genes with known functions from previous
research to better understand the functionality of genes with
CNVs in the temperate GJ genomes (Wei et al., 2021). Of the 225
genes, 64 (28.4%) genes showed CNVs among the 18 assemblies
(Figure 5a). These 64 CNVs were associated with a wide range of
functionalities and affect many important rice traits, including 19
genes associated with disease resistance to blast, bacterial blight
and brown planthoppers; six genes affecting heading date, four
genes involved in hybrid sterility and three genes associated with
chilling tolerance, etc. (Table S6). Among 64 CNVs, 30 CNVs
could be detected in both Japanese varieties and modern Chinese
varieties, indicating that these 30 CNVs originated from Japanese
varieties (Table S7). Figure 5b shows an example of GNPI-
encoding GA200x1 in gibberellin biosynthesis and affecting grain
number per panicle in rice (Wu et al, 2016). Notably, the
presence of CNVs for GNP has not been previously reported.
However, we discovered that GNPT contains two to three copies
of chromosome 3 in 5 of the 18 assemblies (Kosh, Toyo, LG5,
SN265 and YF47), while the other 13 types only had one copy.
Several variations that were allelic to the cluster of Pigm and
possessed CNVs in the 10.34-10.49 Mb area of Nip chromosome
6 were also discovered (Figure 5c). Pigm gives long-lasting
resistance to the fungus M. oryzae, and a large diversity of CNVs
at the Pigm locus was found among various genotypes. Pigm
encodes 13 nucleotide-binding leucine-rich repeats (NLR) recep-
tors (R1-R13) and is found in the germplasm GM4 (Deng
etal., 2017). Notably, there are many tandem copies of Pigm (R2)
genes that exist in ZH11, which is consistent with a previous study
(Xie etal., 2019). Besides ZH11, DHX2 also contained at least two
copies of R2 (Figure 5¢).

© 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 202-218



206 Yu Wang et al.

Gene CNVs associated with agronomic traits

To verify the functional importance of CNVs of GNPT, we
compared the Japanese temperate GJ variety Toyo harbouring
three copies of GNPT with ZH11 which has one copy of GNPT
(Figure 6a). The outcome revealed that GNP7 in Toyo had
considerably greater relative DNA content and expression levels
than ZH11 (Figure 6b,c). Moreover, we found that the expression
level of GNP1 was well correlated with the copy number among
18 GJ varieties (Figure S10). To further demonstrate the function
of the increased expression of GNPT, we investigated the GNP
over-expression transgenic lines under the genetic background of
ZH11 (CK). The expression levels of p355::GNP1-1 and p35S::
GNP1-2 were significantly higher than that of CK (Figure 6d).
Compared to CK, the grain number per panicle of both p35S::
GNP1-1 and p35S::GNP1-2 increased significantly, accompanied
by increased plant height (Figure 6e-i). Given that increased
GNP1 expression causes increased grain number per panicle, the
CNVs of GNPT are likely associated with grain number variation
and the duplication of GNPT could potentially improve the grain
yield of GJ varieties. The SVs identification also proved that the
genomes of LG5, Kosh, SN265 and YF47 had multiple copies of
GNP1 (Figure 6j). Among these, Kosh was brought to China and
has been widely planted there, Toyo was introduced to China and
functioned as a backbone parent for rice breeding for a
considerable time and LG5, SN265 and YF47 demonstrated
benefits in yield performance. Therefore, we proposed that Toyo
and Kosh were chosen from a wide range of Japanese varieties
for introduction to China because they had an advantage in grain
number per panicle due to numerous copies of GNPT, which was
a key breeding target in China in the 1980s. And then, the
multiple CNVs of GNPT were inherited by later-bred varieties to
increase the grain number per panicle in northern China.
Additionally, it was discovered that the frequency of modern-
temperate GJ varieties having multiple copies of GNPT had been
progressively rising since the 1980s utilizing the resequencing
data of the 74 GJ varieties (Table S8 and Figure S11) commonly
grown in the main GJ cultivation area of China (Figure 6k). And in
the LN province, 60% of types carry multiple copies of GNPT
(Figure 6k). Among the 74 varieties, the grain number per panicle
of varieties harbouring multiple copies of GNPT was significantly
greater than that of those harbouring a single copy (Figure 6l),
suggesting an increased copy number of GNPT introduced from
the Japanese variety, Kosh and Sasa, may have significantly
contributed to the improved productivity of many modern

Chinese GJ varieties, particularly those varieties in the LN province
(Figure S12).

The selection and introgression of the SVs in GJ

We used a collection primarily made up of 1275 rice genotypes of
widely cultivated cultivars and parental hybrid rice lines from
China (Li et al., 2020) to perform a genome scan using a Cross-
population composite likelihood ratio (XP-CLR) and diversity
reduction index (DRI) approach to detect putatively selected
regions from GJ to gain insight into the impact of the SVs during
breeding. The result revealed that a total of 24 878 SVs
overlapped with selective sweeps, which involved 4089 genes
(Figure 7a), and the distributions of 24 878 SVs were highlighted
in Figure 7b. The majority of these selected genes had SVs
located in the promoter region, indicating that the SVs mainly
affect the expression level of selected genes in GJ breeding
(Figure 7a). These genes were enriched in peptidyl-threonine
phosphorylation and the pathways involved in fatty acid elonga-
tion, according to the results of the Genes and Genomes (KEGG)
pathway analysis and GO enrichment analysis (Figure S13).
Several SV genes were reported related to yield, grain quality,
hybrid sterility and biotic and abiotic stresses, such as Saf, SaM
(Long et al., 2008), NRT1.1B (Hu et al., 2015), NALT (Fujita
et al., 2013) and Xa21(Song et al., 1995), and were divergently
selected during Xl and GJ breeding (Figure 7b, Table S9).
Interestingly, a substantial selective sweep signal between the
GJ and XI subspecies was visible in the massive inversion
(4.53 Mb) between the centromere of chromosome 6 of 02428
and ZH1 (Figure 3d). Given that the allele frequency of this
inversion in GJ is just 4.35%, compared to 76% in Xl and 20% in
the wild, an introgression event might have occurred during GJ
breeding.

We then compared the 18 temperate GJ assemblies to XI, cA,
B and wild rice to trace the origin of the SVs. The result
showed that the origin of 51 419 SVs (98.0% of 52 446 SVs)
could be traced (Figure 8a). For example, an SV at the intron of
Chalk5 was detected in wild rice, cA, ¢B and 23 out of 24 Xl
varieties, but was found in only two temperate GJ varieties
which were bred after the 2000s (02428 and YF47; Figure 8b).
These data indicated that the SVs in Chalk5 were the product of
an X| to GJ introgression. YF47 is a high-yielding GJ cultivar,
although it has a moderate grain appearance quality, particularly
in chalkiness. Given that Chalk5 encodes a vacuolar H*
translocation pyrophosphatase influencing rice grain chalkiness
(Li et al., 2014), it appears that the introgression of SV at the

Figure 3 Structural variant (SV) characterization of GJ rice genomes. (a) The number of SVs in each assembly includes five types of SV. DEL, deletion; INS,
insertion; INV, inversion; TRA, translocation. Other types included NOTAL (not aligned region), TDM (tandem repeat) and HDR (highly diverged regions). (b)
The percentage of the detected SVs overlapped with different genomic regions in the 17 Geng assemblies. The mean percentage values of elements (2 kb
upstream, coding region, intron, transposable elements and intergenic regions) are 21.4%, 3.5%, 16.6%, 48.4% and 10.1% respectively. (c) The SV
distribution among 17 assemblies relative to Nip. A circular show of the detected SVs among the 17 GJ genomes with a sliding window size of 500 kb. (d)
The landscape of some large-size SVs among 17 GJ varieties and Nip. Red arrows direct the locus of SVs with insertions and deletions. Dark-coloured bands
display examples of large structural variations in inversion and translocation. (e) Presence of SVs among different breeding stages. SVs only existed in one
group and were defined as specific SVs; the SVs not only existed in the first batch (shown in pink) but are also inherited into at least one group that was
defined as common SVs. (f) Summary of transmitted SVs during past breeding. The values in differently coloured circles represent the number of SVs for
corresponding SVs-deriving sets including black (group-specific SVs), purple (before 1980 inherited by following released groups), brown (1980-1990
inherited by following released groups), green (1990-2000 group inherited by following released groups) and blue (after 2000 inherited by internal
varieties). (g) The pie plot shows the proportion changes in SV types between specific SVs and common SVs. The insertion (INS) and inversion (INV) rates are
increased in common SVs. (h) Profiles of SV locus among different genetic elements. The proportion of SVs in the intergenic region is increased in common
SVs.
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Chalk5 locus affected the chalkiness-related traits in YF47. We
hypothesized that the SVs at Chalk5 were introduced to YF47
from Xl along with certain superior alleles during breeding
selection due to genetic drag because grain chalkiness is a
highly undesirable characteristic. Then, we scanned the 100 kb
surrounding Chalk5 and discovered GS5, a locus that modulates
grain size (Li et al., 2011; Figure S14). The XP-CLR analysis result
revealed that GS5 and Chalk5 are located in a single selective
sweep (Figure 8c), indicating that the superior GS5 allele from
Xl for larger grains and the inferior Xl allele at Chalk5 for more
severe chalkiness were introduced together during the breeding
attempts pursuing high yielding in north China. Fortunately, the
linkage disequilibrium (LD) block analysis using the SVs of 58
genome assemblies (Figure 8d) and a collection comprised of
1275 rice accessions (Li et al., 2020; Figure S15) inferred that
GS5 and Chalk5 were not tightly linked, suggesting that the
linkage between GS5 and Chalk5 could be broken by the cross.
We accelerated this process by knocking out the inferior XI allele
of Chalk5 in YF47 using the CRISPR/Cas9 gene-editing technol-
ogy, as clearly demonstrated in two independent T, transgenic
lines (Figure 8e). The transgenic lines exhibited identical plant
morphology, grain size and panicle length as expected, but
considerably improved chalkiness-related parameters as com-
pared to YF47 (Figure 8f—i). Except for the transgenic plants’
chalkiness level and head rice ratio, which were greatly
enhanced over YF47, there was no change in yield components
between the transgenic lines and YF47 (Figure S16).

Discussion

The temperate GJ rice varieties, a significant subpopulation of
0. sativa, are currently cultivated on more than 14.78 million ha?
of rice fields globally, particularly in northeast China, Japan and
Korea, making a significant contribution to global food security
(Tang and Chen, 2021). The modern-temperate GJ rice varieties
in China are also highly productive with an average yield
exceeding that of the XI hybrid rice cultivars in China from
extensive breeding efforts to improve productivity during the past
century (Fei et al., 2020). Thus, there is growing curiosity over
how the temperate GJ population’s genetic composition has
changed due to previous breeding operations. Due to widespread
genome structural diversity, the short-read sequencing data
cannot capture the entire breeding signature. By focusing on
SVs among the high-quality genomes of a carefully chosen
selection of 18 temperate GJ varieties, we attempted to answer
this question in this study. Our findings thus shed vital light on
SVs and how past breeding efforts had affected how genetic
diversity was organized within the temperate GJ population. The
most important result of this study was the discovery of CNVs for
9628 genes of diverse functions in only 18 temperate GJ
genomes, suggesting the presence of rich gene CNVs as an
important feature of the total genetic diversity in the populations

of O. sativa, which remains to be fully characterized in future
using the long-read sequencing technologies. The findings also
revealed genomic and genetic evidence of SV originating from
intricate breeding histories intended to increase yield potential,
stress tolerance and quality.

Importantly, because it is still difficult to resolve gene CNVs,
few CNVs were found and very few of them were used in
breeding practices. Our high-quality assembly could aid breeders
and researchers in choosing superior backbone parents with
beneficial CNVs for rice breeding. This would greatly speed up the
breeding process. Additionally, attempts to introduce advanta-
geous features from wild and XI subspecies to create GJ cultivars
with superior yield and quality performance will be motivated by
the information on SVs introgression offered in the current study.

Methods
Plant materials

We specifically selected 12 varieties that have greatly contributed
to rice breeding research and massive planting, including six
Japanese and six Chinese temperate GJ varieties. Gimbozu (Gim)
was derived from the Aikoku, as the lone plant that remained
erect after a storm caused all of the other plants in the field to
lodge. The popularity of Aikoku and Gim cultivars with Japanese
farmers in the first half of the 20th century led to the use of these
cultivars throughout the country and the breeding of many
distinct but closely related strains and landraces (Naito
et al., 2006). Norin8 (No8) was derived from Gim, and a lot of
famous varieties such as Koshihikari (Kosh), Akitakomachi (Akita)
and Zhonghual1 (ZH11) were derived from No8. Sasanishiki
(Sasa), developed in 1963, which was cultivated in the Tohoku
region in Japan and gained status as high-quality rice. In 1990,
207 439 ha were devoted to its cultivation (11.3% of the total
paddy field in Japan) and it became the second most popular rice
cultivar (Nagano et al., 2013). Toyonishiki (Toyo) was introduced
to China and served as a backbone parent for a long time.
Liaogeng5 (LG5) was the first related commercial variety with
erect panicle architecture. Shennong265 (SN265) was the first
released ‘super rice variety’ by the Chinese Ministry of Agricul-
ture. The total promotion area of both Longgeng31 (LG31) and
Wuyugeng3 (WYG3) exceeds 100 million mu (6.67 million
hectares). Nangeng39 (NG39) and Yanfeng47 (YF47) were in
large-scale promotion in Jiangsu Province and Liaoning Province
respectively. The release years of these varieties ranged from
1882 to 2011, spanning an interval of approximately 130 years.
In addition, 74 temperate GJ varieties that have been widely
cultivated in China since the 1980s were selected for the present
study. These varieties were cultivated in fields, controlled green-
houses and incubators at the Rice Research Institute of Shenyang
Agricultural University (LN N41°, E123°). The cultivation methods
and field management were described in our previous report (Li
et al., 2018a). We harvested a total of 20 plants from the middle

Figure 4 SVs impact gene expression profiles. (a) The proportion of SV genes and non-SV genes were associated significantly (P < 0.01) with altered
expression of related genes. The differences in per cent values between SV genes and non-SV genes were assessed using Student’s t-tests for five
continuous expression ranges respectively. *Indicated a significance level at P < 0.01. (b) The SVs upstream of LTG7 cause expression variants among GJ
varieties. The blue line indicates the 288 bp insertion in the promoter of LTG7. (c) The temperature sensitivity (the difference in days to heading between
plants under high and low temperatures) of non-SV-LTG7 and SV-LTGT1 varieties. Data are mean & SEM (n = 7 for non-SV-LTG1, and n = 6 for SV-LTGT),
and *indicates significance at the P < 0.05 level. (d) Diagram and sequence of LTG 7 CRISPR knockout lines (ftg7-cr1 and [tg1-cr2). The red line indicates the
position of the sgRNA target site. (e) The temperature sensitivity of WT and CRISPR knockout lines (/tg7-cr1 and /tg1-cr2). Data are mean 4+ SEM (n = 10),
and different letters indicate significant differences (P < 0.05, one-way ANOVA, Tukey's HSD test).
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Figure 5 Characteristics of gene CNVs related to important agronomic traits. (a) The functional genes with CNV mutations. Circle size represents the

number of gene copies potentially generated by a tandem duplicated mechanism. Colours from light to dark imply the global expression level [log2 (FPKM)]
of genes ranging from low to high. (b) Local syntenic relation of GNPT implying breeding selection of different CNVs among 18 GJ varieties. The blue

rectangle represents the forward strand gene in the chromosome, and the green rectangle means the reverse strand gene. Orange-linked bands highlight
homologue gene pairs having different copy numbers in this region. (c) Local syntenic relation of Pigm implying breeding selection of different copy number
variation among 18 GJ varieties. The colours are the same as (b). The red dashed rectangle represents the Pigm cluster (R7-R13) in Nip. Dark grey bands
linked homologue R genes among assemblies. The orange band tracks the evolutionary pattern of R2 (LOC_Os06g17900) along with released GJ varieties.
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rows 45 days after heading for each line. The measurement of
the agronomic traits was conducted as described in our previous
study (Li et al., 2018b). Due to the low temperature in October,
certain varieties developed in Jiangsu province could not mature
in Shenyang’s natural environment. As a result, we moved the
varieties that did not mature from the field to the greenhouse in
October to ensure their maturity. In temperature treatment,
plants were maintained in the incubator at various temperatures
and humidity levels, including 70% and 300 pmol/m?/s fluores-
cent lamps. All of the samples were analysed with two biological
replicates.

Illumina and nanopore sequencing

lllumina sequencing and nanopore sequencing were performed
at BIOMARKER (Beijing, China). High-molecular-weight DNA
was extracted from 3-week-old seedlings. One hundred
nanograms (ng) of genomic DNA were used to prepare the
library. Briefly, gDNA was sonicated to a fragment size of
500 bp by an ultrasonicator and the library was prepared by
using an NEB Ultra DNA library prep kit (NEB, MA, USA)
according to the manufacturer’s instructions. Sequencing of the
library was performed on a HiSeq X Ten system using the run
configuration 2 x 350 bp. The sequencing reads were gener-
ated from the paired end. The library was trimmed using
fastq_quality_trimmer in the FASTX Toolkit (ver. 0.0.11) with
default parameters, and all trimmed reads were assembled into
scaffolds using ALLPATHS-LG (ver. 44849). The assembly ambi-
guity information was removed using the efasta2fasta script.
The gaps in the resulting scaffolds were filled using GapFiller
(ver. 2.1.1) with default parameters. Nanopore sequencing of
2 ng of gDNA was repaired using NEB Next FFPE DNA Repair
Mix kit (M6630) and subsequently processed using the ONT
Template prep kit (SQK-LSK109, UK) according to the manu-
facturer’s instructions. The large segments library was premixed
with loading beads and then pipetted into a previously used and
washed R9 flow cell. According to the manufacturer’s instruc-
tions (EXP-FLPO01.PRO.6, UK), the library was sequenced on the
ONT PromethlON platform with the corresponding R9 cell and
ONT-sequencing reagents kit. We extracted the genomic DNA
of 74 cultivars from fresh frozen leaves using the CTAB method.
According to the manufacturer’s instructions, the samples were
sequenced on the lllumina HiSeq 2500, and the sequencing
libraries were constructed. We aligned the sequencing reads to
the genome of Nipponbare using BWA software (Li and
Durbin, 2009). In total, 1638.72 Gb of clean data were gener-
ated across all 74 cultivars, with approximately 53-fold depth for
each cultivar.

Twelve time-ordering GJ genomes assembly

De novo genome assembly was performed using a combination
of three strategies: initial WTDBG2 (https:/github.com/ruanjue/
wtdbg2) assembly, followed by Smartdenovo (https:/github.com/
ruanjue/smartdenovo) assembly. We polished the assemblies
using three rounds of racon software (https:/github.com/marbl/
canu, v1.; Vaser et al., 2017), followed by three rounds of
polishing with Pilon software (https://github.com/
PacificBiosciences/FALCON, v0.3.0; Walker et al., 2014). The
assembled results were assessed by evaluation of the ratio to
the lllumina sequencing reads and the evaluation of BUSCO
integrity. BUSCO v 2.0 was conducted against the metazoan
database to validate the genome completeness and gene set
completeness of the draft genome sequences.
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Chromosome construction using Hi-C links

About 1.5 g of 3-week-old seedlings were used for the Hi-C
library construction. Hi-C libraries were created using a previously
described method (Mascher et al., 2017). Libraries (based on
Hindlll) with fragments ranging from 300 to 700 bp size were
constructed and sequenced on the lllumina X-TEN platform
(llumina). Mapping of Hi-C reads and assignment to restriction
fragments were performed as described previously (Burton
et al., 2013). We performed duplicate removal, sorting and
quality evaluation using HiC-Pro v2.10.0 (Servant et al., 2015)
with the command of ‘mapped_2hic_fragments.py -v -S -s 100 -I
1000 -a -f -r -0’. The raw counts of the Hi-C links were
aggregated in 100-kb bins and normalized separately for intra-
and inter-chromosomal contacts using HiC-Pro. The corrected
contigs were assembled into 12 chromosome-level scaffolds by
LACHESIS (Burton et al.,, 2013). Adjacent contigs were linked
together by filling the gap with ‘N’. Finally, 12 high-quality
pseudochromosome-level genomes were built for representative
GJ accessions.

Gene annotation

The RNAs of 12 temperate GJ varieties were isolated from the
mixed tissues (fresh leaves, roots and culm) following the
manufacturer's protocol provided in the TaKaRa MiniBEST
Universal RNA Extraction kit. We then performed the sequencing
on the lllumina HiSeq 2500 platform according to the manufac-
turer’s instructions. RNA-seq data (total of 8 Gb) for each variety
was obtained. We used PILER-DF v2.4, RepeatScout v1.0.5,
LTR_FINDER v1.05 and MITE-Hunter to construct a primary repeat
sequence database based on ab initio prediction theory and
structural prediction (Edgar and Myers, 2005; Han and
Wessler, 2010; Price et al,, 2005; Xu and Wang, 2007). The
primary database based on PASTE Classifier was classified and
then combined with the Repbase database. To conduct the final
prediction, we used the combined data to form the final repeat
sequence database using Repeat Masker v4.0.6 (Jurka
et al, 2005; Tarailograovac and Chen, 2004; Wicker
et al., 2009). To perform protein-coding gene prediction, the
repeat elements from the genome assembly were masked and
excluded. Then, we performed the gene annotation through
three prediction steps: (i) ab initio prediction by Augustus v2.4,
Genscan, GlimmerHMM v3.0.4, GenelD v1.4 and SNAP (version
2006-07-28); (ii) homologous species prediction based on Oryza
sativa, Zea mays, Arabidopsis thaliana, Sorghum bicolor and
Setaria italica using GeMoMa v1.3.1; and (iii) unigene prediction
based on full-length transcriptome data assembly with no
reference genome conducted through PASA v2.0.2 (Blanco
etal., 2007; Campbell et al., 2006; Jens et al., 2016; Korf, 2004;
Majoros et al., 2004; Stanke and Waack, 2003). We integrated
the three predictions through EVM v1.1.1, and performed final
modifications by PASA v2.0.2 (Haas et al., 2008). We subse-
quently identified non-coding RNAs (microRNAs, rRNAs and
tRNAs) using different strategies based on their unique structural
features. We used the Rfam, miRBase and tRNAscan-SE v1.3.1
databases to predict rRNA, microRNA and tRNA respectively
(Griffiths-Jones et al., 2005; Nawrocki and Eddy, 2013). The
pseudogenes were predicted through scanning for homologous
genes and excluding genuine genes using GenBlastA v1.0.4
(Rong et al., 2009). The candidate genes with frameshift muta-
tions and premature stop codons were selected as the final
pseudogene predictions by GeneWise v2.4.1 (Birney et al., 2004).
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To annotate gene functions, the predicted genes were blasted to
the GO and KEGG databases by BLAST v2.2.31 (-evalue 1e-5;
Altschul et al., 1990; Boeckmann et al., 2003; Marchlerbauer
etal., 2011; Ogata et al., 2000; Tatusov et al., 2001). In addition,

the motifs were annotated according to the sequence alignments
with the HAMAP, PRINTS, Pfam, ProDom, SUPERFAMILY,
TIGRFAMs, CATH-Gene3D, PANTHER and PIRSF databases by
InterProScan software (Zdobnov and Apweiler, 2001).
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Figure 6 Gene copy number variants (CNVs) are associated with variations in production. (a) Schematic illustrating a single copy of GNP7 in Nip and ZH11
and three copies of GNPT in Toyo. (b) DNA gPCR validation of the three GNP1 copies. *Indicates significance at the P < 0.05 level. (c) The expression of
GNPT in Toyo with three copies is significantly higher than in Nip with a single copy of GNPT. *Indicates significance at the P < 0.05 level. (d) The expression
level of GNPT in Zh11 (CK) and two independent over-expression transgenic lines. *Indicates significance at the P < 0.05 level. (e) The Zh11 (CK) plant
architecture and two independent over-expression transgenic lines. Bar = 20 cm. (f) The Zh11 (CK) plant height and two independent over-expression
transgenic lines. Data are mean + SEM (n = 10), and *indicates significance at the P < 0.05 level. (g) Zh11 (CK) panicle size and two independent over-
expression transgenic lines. Bar = 1 cm. (h) The grains are derived from one Zh11 (CK) panicle and two independent over-expression transgenic lines.
Bar = 1 cm. (i) The grain number per panicle of Zh11 (CK) and two independent over-expression transgenic lines. Data are mean + SEM (n = 10), and
*indicates significance at the P < 0.05 level. (j) The SVs around GNPT in the 18 assemblies. (k) The distribution of multiple copies of GNP7 among 74 GJ
varieties. (I) The grain number per panicle of varieties harbouring multiple GNP7 copies and varieties harbouring a single copy of GNPT. *Indicates

significance at the P < 0.05 level.

Genome-wide syntenic relationship analysis

The longest transcript was selected to represent the correspond-
ing protein-coding gene. The all-to-all BLASTP program was used
to identify homologous pairs with parameters ‘E_VALUE=1e-05,
MAX GAPS=25, and MATCH_SIZE=5" (Camacho et al., 2009).
Synteny blocks between each pair of rice varieties were called
using McScanX v1.1 with the default parameter (Wang
et al., 2012). Only synteny blocks having more than five
homologous gene pairs were considered conserved syntenic
blocks. The large gene-based structure variations including
inversions, deletions, insertions and translocations were manually
highlighted by dark colours.

Structural variation identification

We collected 55 de novo genome assemblies based on the long-
read sequencing technologies which had been published so far
(Qin et al., 2021; Stein et al., 2018; Zhang et al., 2022). After
discarding duplicated assemblies, 45 existing assemblies and 12
assemblies from the present study were aligned to the genome of
Nip (MSU7) using MUMmer (v 4.0; Marcais et al., 2018). The
resulting filtered delta files were used to detect structural
variations using the SyRI pipeline with default parameters (Goel
et al., 2019). The SV identification and classification detail were
shown in the previous study (Qin et al., 2021). We defined SV
genes if it has an SV locus in 2 kb upstream or exon. Other genes
were considered non-SV genes.

Inference of gene CNVs and trait variations

For each rice of 18 varieties (including NIP), we detected tandem
duplicated genes by DupGen_finder with the default parameter
(Qiao et al., 2019). Compared to Nip, if one duplicated locus
(including tandem and proximal duplicate types) has a different
copy number in at least 1 of the other 17 GJ varieties, this locus
was defined as gene-CNV locus. We obtained 225 function-
known genes (associated with traits) of rice from the previous
study (Wei et al., 2021). We identified 9268 gene-CNVs loci. Of
these, 64 gene CNVs are potentially associated with important
traits. We displayed these CNVs and expression levels according
to the time-ordering breeding varieties ranging from 1882 to
2011. The expression level of CNVs was tested using gPCR. The
DNA was extracted from the fresh leaves of varieties using the
DNeasy Plant Mini kit (Qiagen, Duesseldorf, Germany). The RNA
extraction was carried out using TRIzol (Invitrogen, CA, USA).
gPCR [2 x SYBR Green gqPCR Master (Mimake)] is used to verify
DNA and RNA expression content for genes. ACTIN was used as
the internal control.

SVs-based phylogenetic and population structure
analysis

After filtering the low-quality structure variations (SVs) using
metrics of ‘minor allele frequency (MAF) >0.05’ from the raw SVs
dataset, we retained 156 319 high-confidence SVs for further
analysis. To investigate the phylogenetic relationships of the 58
rice samples, including five wild, 24 GJ, two cA, two ¢B and 25 XI
accessions, a maximum-likelihood phylogenetic tree was con-
structed using IQ-TREE v1.6.11 (Minh et al., 2020) with the
optimal models and standard bootstrap for 1000 replicates. The
resulting tree was visualized with FigTree v1.4.4 (Rambaut, 2009)
with an outgroup of wild rice. The population genetic structure
was examined using the program ADMIXTURE (v1.23; Alexander
et al., 2009) with K values (the putative number of populations)
from 2 to 10. The K = 4-6 values were chosen to display the
genetic admixtures of rice populations.

Principal component and linkage disequilibrium analysis

Principal component analysis (PCA) was carried out using the
smartPCA program from the EIGENSOFT package v.6.0.1
(https://github.com/DReichLab/EIG) based on 156 319 SVs.
The first three principal components were used to separate
the cultivar and wild progenitor samples. Linkage disequilibrium
between pairs of SVs and SNPson each chromosome, respec-
tively, was assessed as the correlation coefficient (%) using
PLINK v1.07 (Purcell et al., 2007). The haplotype blocks were
plotted for interesting regions using Haploview v4.2 (Barrett
et al., 2005).

Selective-sweep analysis

The selective sweeps potentially related to XI and GJ divergence
were investigated using DRI (ny x mgy "), DRI (ng) x 7y~ ') and
XP-CLR following methods in the previous studies (He
et al., 2019; Li et al., 2021). The XP-CLR scores between GJ
and Xl cultivars were calculated using the XP-CLR package (Chen
et al., 2010) with sliding windows of 100 kb that had a 10-kb
step between adjacent windows. The nucleotide diversity () was
calculated by using PopGenome package v2.2.4 (Pfeifer
et al., 2014). The SNP list of 1275 rice accessions was used to
identify selective-sweep regions for GJ and Xl populations (Li
et al., 2020). The top 5% outliers of regions were assigned as
candidate selection sweep signals. Adjacent signals that over-
lapped with each other were merged into a single selective sweep
and SV genes in these regions with more than 30% allele
frequency divergence between Xl and GJ populations were
considered candidate selective SV genes.
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Figure 7 The selection of the SVs in GJ. (a) A total of 24 878 SVs were overlapped with select sweeps, which involved 4089 genes. (b) Selection sweeps
uncovered by joint cross-population composite likelihood ratio (XP-CLR) and diversity reduction index (DRI) approaches for the GJ population. Genes or
QTLs related to yield, grain quality, hybrid sterility and biotic and abiotic stresses in the selection sweeps are indicated (Table S9).

Transcriptome analysis

Besides 12 pooling transcriptome datasets from corresponding de
novo rice varieties, we also obtained shoot and root RNAseq
datasets of other four temperate GJ (02428, DHX2, KY131 and
Kosh) from Genome Sequence Archive (https:/ngdc.cncb.ac.cn/

gsa/browse/CRA004087). The RNAseq reads were processed to
obtain clean reads using the FASTP v0.21.1 (Chen et al., 2018).
The clean reads were mapped to the NIP reference genome by
HISAT2 v 2.0.4 (Kim et al., 2015). The gene expression level was
calculated by StringTie v2.1.4 using default parameters (Pertea
et al., 2015). The gene expression level was normalized by reads
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per million per kilo bases (FPKM). Genes with expression levels
greater than 0.1 FPKM were considered expressed genes. To
assess the association of SVs and gene expression, we computed

the frequency of expressed genes on different expression level
ranges (FPKM: [0-5], [5-10], [10-15], [15-20] and [>20]) for the
SV genes and non-SV genes. Then, we tested the difference of
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proportion values for each range of gene expression levels
between SV genes and non-SV genes among all transcriptome
experiments using the Student’s t-tests function in R.

Vector construction and plant transformation

To conduct the CRISPR/Cas9 gene editing, the vector construction
was performed as described by Li et al. (2017). We designed the
specific single-guide RNA (sgRNA) sequences targeting the
Chalk5 and LTG1 genes. The specificity of the targeting sequence
was confirmed by BLAST searching against the Nip genome (Hsu
et al., 2013). The rice transformation was conducted as described
elsewhere (Nishimura et al., 2006). We extracted the genomic
DNA from transformants, and the genomic DNA was sequenced
for mutant identification. The PCR products (200-500 bp) were
sequenced and identified using the degenerate sequence decod-
ing method (Ma et al., 2015).
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