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Abstract
Crop breeding programs can improve traits associated with desirable phenotypic characteristics to
different local environmental conditions. In rice, such improvements were achieved depending on genetic
diversity among local populations. Here, we examined whether differences in traits of elite varieties are
due to genetic differences and from what the genetic differences are derived. Previously, we identi�ed one
quantitative trait locus associated with heading date, i.e., the quantitative trait locus for days to heading
on chromosome 3 (qDTH3). Using 592 plants of the F2 generation, �ne mapping narrowed the qDTH3
locus down to a 158-kb region of the corresponding rice reference genome. Based on the genome
sequences of a 656-kb region including the qDTH3 locus among four Oryza species populations, we
propose the historic evolutionary process of cultivated rice, considering nucleotide polymorphisms and
intrapopulation recombination. Phenotypic differences in qDTH3 in elite varieties may be derived from a
different lineage split from the ancestor.

Introduction
Control of genetic diversity is signi�cant on crop breeding programs in the following aspects; (i)
expanding genetic diversity, (ii) selection for desirable phenotype, and (iii) balancing between the traits in
a variety. Continuous selection of desirable genes/traits has helped shape the adaptability of crop
varieties to local regions with stable crop production and high agricultural value (Liu et al. 2021; Xu et al.
2020; Zhang et al. 2017). However, such selection in current crop breeding programs to produce an
ideotype typically reduces genetic diversity and standing variation (Fujino et al. 2019b, 2019d; Fujino
2020). Understanding the underlying genetic driving forces may help develop new varieties with regard to
future requirements.

Asian cultivated rice, O. sativa L., was domesticated approximately 10,000 years ago from wild rice Oryza
ru�pogon (Khush 1997; Fuller 2011; Huang et al. 2012; Choi et al. 2017). In rice cultivation, farmers
choose between varieties with different maturity types (i.e., early, middle, and late maturity), in order to
reduce the risk of susceptibility to abiotic and biotic stressors, which may result in yield loss. Heading
date is a major determinant of rice maturity (Zhao et al. 2011; Guo et al. 2020; Hu et al. 2019; Fujino et al.
2019a; Fujino and Ikegaya 2020), and numerous genes associated with heading date have been
characterized in rice (Cao et al. 2021, Gaudinier and Blackman 2020, Zhou et al. 2021, Hori et al. 2016,
Tsuji et al. 2011). Identifying genes associated with heading date may also help improve genetic diversity
of cultivation rice worldwide. Therefore, the genes determining the maturity type within an optimal range
with regard to particular local conditions should be identi�ed.

Previously, we conducted a series of analyses of genes associated with heading date, focusing on rice
varieties cultivated in Hokkaido, Japan (Fujino and Sekiguchi 2005a, b; Nonoue et al. 2008; Shibaya et al.
2011; Fujino et al. 2013, 2019a, b, c). Hokkaido (41°02´–45°03´ N latitude) is the northernmost region of
Japan and is at the northern limit of rice cultivation (Fujino et al. 2019b), and rice cultivation commenced
only 150 years ago in this region (Fujino et al. 2019c). Only varieties with extremely early heading date



Page 3/15

can adapt to higher latitudes with longer natural daylengths (> 15 h) during the rice growth period.
Furthermore, the unique genotype for extremely early heading date may differentiate the genetic
population structure from that of local rice varieties (Fujino et al. 2022a).

In addition to adaptability to particular regions, genes controlling maturity types in Hokkaido have been
characterized, including Days to heading 8 (DTH8) and Heading date 1 (Hd1) (Fujino et al. 2004, Fujino et
al. 2013, 2019b); the respective loss-of-function gene dth8 is associated with early heading date, and this
spontaneous mutation was selected for during the expansion of rice cultivation areas to the north (Fujino
2003, Fujino et al. 2013; Nonoue et al. 2008). However, the heading date of dth8 rice is 10–14 days earlier
than that of DTH8 rice (Fujino 2020; Fujino and Ikegaya 2020). Maturity in dth8 varieties occurred thus
too early to achieve agriculturally relevant yields. By contrast, heading date in varieties with quantitative
trait locus for days to heading on chromosome 3 (qDTH3) was three days earlier than varieties without
qDTH3 (Fujino and Ikegaya 2020). The advantage of qDTH3 was not only early maturity but also smaller
reduction of yield due to earlier maturity. Thus, this gene is of interest for rice breeding programs.

In this study, we performed �ne mapping of qDTH3. Using 592 F2 plants, the qDTH3 locus was narrowed
down to a 158-kb region of the corresponding rice reference genome, Os-Nipponbare-Reference-IRGSP-1.0
(https://rapdb.dna.affrc.go.jp/download/irgsp1.html). We compared the genotype of the 656-kb
chromosomal region, including the qDTH3 locus, among populations of Asian cultivated rice, including
the ancestral O. ru�pogon. Moreover, we propose an evolutionary model of cultivated rice that considers
nucleotide changes and recombination events. We conclude that genetic differences between elite
varieties may be derived from genetic events after rice domestication.

Materials And Methods

Plant material
The two japonica rice varieties Daichinohoshi (DH) and Hoshinoyume (HS) were used as parents to
perform �ne mapping of qDTH3. Both varieties were breeding lines derived from rice-breeding programs
in Hokkaido (Fig. S1). Seeds of the rice varieties were provided by the Local Independent Administrative
Agency Hokkaido Research Organization Hokkaido Central Agricultural Experiment Station (Takikawa,
Japan). We previously identi�ed a quantitative trait locus associated with heading date (qDTH3) which is
responsible for earlier heading date in a rice population cultivated in Hokkaido (Fujino and Ikegaya 2020).
DH carries an early allele of qDTH3, thus this early maturing variety is used in Hokkaido.

An F2 population (n = 192) derived from self-pollination of F1 plants of a cross between DH and HS was
grown in 2020. These plants were used to assess the heading date. In addition to these 192 F2 plants,
400 F2 plants were used to selecting genotypes showing recombination, between DNA markers,
3SHSDC01 and InDel05018 (Table S1). For the F3 progeny test of the heading date of qDTH3, these
recombinants (F2 plants) were used.
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Growth conditions
Plant materials were cultivated in an experimental paddy �eld at Hokkaido Agricultural Research Center
(Sapporo, Hokkaido, Japan, 43°00´ N, 141°42´ E) with 12.5 cm spacing between plants within rows and
30.0 cm spacing between rows. Cultivation management followed the standard procedures used at the
Hokkaido Agricultural Research Center. Sowing and transplanting were performed on April 20 and May
20, 2020, and on April 15 and May 14, 2021, respectively.

Trait evaluation
Heading date was measured as days to heading (DTH) of the earliest heading panicle in individual
plants. DTH was recorded every second day. The mean DTH values were averaged per line or variety.
These values were compared using the Tukey–Kramer HSD test. We recorded heading dates of 16 plants
(F3) originating from the recombinant plant (F2) grown in 2021. In the F3 progeny test for qDTH3, the
genotype of F2 plants were categorized in three genotype classes: earlier heading date (homozygous as
DH), later heading date (homozygous as HS), and heterozygous.

Genome sequences
The genome sequences of rice varieties were obtained from Oryza genome Release 2.0
(http://viewer.shigen.info/oryzagenome2detail/index.xhtml) and TASUKE+
(https://tasuke.dna.affrc.go.jp/index.html). Four Oryza populations were used in this study. First, 32
accessions of O. ru�pogon (OR) were selected as geographically and genetically differentiated
accessions (Haung et al. 2012). The total of 10 varieties (seven IRGC varieties, P46, VOC4 and Yuan3-9)
were excluded from genome sequence comparison due to due to low quality of sequence reads. Second,
the World Rice Core collection (WRC) was used. The WRC represents genetic diversity among the
ancestral gene pool of cultivated rice around the world and comprises three genetically differentiated
groups: japonica, aus, and indica (Kojima et al. 2005). WRC43 and WRC57 are breeding lines and WRC51
is originated in Japan. These accessions were excluded from this study due to their pedigree. Third, the
Japanese Rice Core collection (JRC) was used. The JRC represents genetic diversity among the ancestral
gene pool of varieties bred in rice breeding programs in Japan and comprises three genetically
differentiated groups, i.e., indica and upland and paddy habits of japonica (Ebana et al. 2008). Two
accessions (JRC21 and JRC40) were excluded from this study due to the contradictions in genotype and
degree of nucleotide polymorphism. Fourth, rice varieties from Hokkaido were used, denoted as 20V,
accessible in the DDBJ BioProject database under accession numbers DRA008447, DRA006623, and
DRA006604, respectively (Fujino et al. 2015, 2018, 2021; Fujino and Ikegaya 2020). The genome
sequences of all varieties were assembled from high-throughput sequencing short reads. Filtering of the
genome sequences was performed as described previously (Fujino et al. 2018).

DNA analysis
Total DNA was isolated from young leaves using the CTAB method (Murray and Thompson, 1980). Seven
markers in the region of qDTH3 on chromosome 3 were used for �ne mapping of qDTH3 (Table S1). PCR,
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electrophoresis, and sequencing were performed as previously described (Fujino et al. 2004, 2005a).

Results

Heading date in parent plants
The varieties DH and HS showed signi�cant differences regarding heading date in 2020 and 2021
(Fig. 1a, Fig. S2, Table S2); in 2020, the mean DTH value of DH was 92.3 days, and that of HS was 98.8
days (Table S2). The range of DTH was 90–97 in DH and 96–102 in HS (Fig. 1a). This trend in heading
date variation between the parents was also observed in 2021 (Fig. S2).

The frequency distribution of DTH in the F2 population is shown in Fig. 1b. DTH ranged from 90 to 104 in
the parents. The continuous distribution of heading date indicated that qDTH3 altered the earlier heading
date within the observed range under local environmental conditions.

Fine mapping of qDTH3

To map qDTH3 on the physical map of IRGSP 1.0, plants showing the recombination genotype between
DNA markers 3SHSDC01 and InDel05018 were selected from 592 plants of the F2 population. In addition,
the F3 progeny test for qDTH3 was performed on the recombinants. In total, 116 plants were identi�ed as
recombinants (Table S3). Because of phenotypic redundancy in the parents, seven recombinants were
excluded from �ne mapping. In addition, ten recombinants with unexpected genotypes were excluded
from �ne mapping. Ninety-nine recombinants were used for �ne mapping of qDTH3 (Table S3). The
qDTH3 locus was limited to the region between the two markers, HR7 and HR13, corresponding to the
158-kb region for the rice reference genome of IRGSP 1.0 (Fig. 2, Table S4). In this region, 19 protein-
coding genes were predicted using the Rice Annotation Project Database (RAP DB;
https://rapdb.dna.affrc.go.jp; Table S5). Only two genes (Os03g0122500 and Os03g0122600) were
known to affect heading date.

Genotyping of the qDTH3 locus among Oryza species

To elucidate genetic differences in the qDTH3 locus between the parent varieties, the genotype of the 656-
kb chromosomal region including the qDTH3 locus, denoted as GRID, was compared among four Oryza
populations: OR, WRC, JRC, and 20V. Many nucleotide polymorphisms were observed in OR population.
Whereas small were observed in the JRC population and 20V (Table 1).

The GRID genotype was compared across the four Oryza populations. Five polymorphic sites (EGM01–
EGM05) were used to determine the GRID genotype (Tables S6, S7, Fig. 3). Eleven GRID genotypes were
identi�ed across all varieties of the four Oryza populations (Table 2). The OR population was divided into
four genotypes (GG01, GG02, GGr01, and GGr02; Table S8), the WRC population also comprised four
genotypes (GG01, GG02, GG03, and GG05; Table S9), the JRC population included nine genotypes (GGDH,
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GGHS, and GG01–GG07; Table S10), and the 20V population comprised three genotypes (GGDH, GGHS,
and GG04; Table S11).

Four genotypes (GG01, GG02, GG03, and GG05) were identi�ed in the Japonica group of WRC population,
and eight genotypes were found in the Japonica group of JRC population. The GGDH and GGHS
genotypes were found in �ve and four varieties, respectively in japonica in JRC population. However, no
varieties with GGDH and GGHS occurred in WRC population and OR population. In 20V population, ten
and �ve varieties showed the GGDH and GGHS genotypes, respectively.

The relationships between GRID and qDTH3 are shown in Table 4. Recombination genotype in qDTH3
within the GRID, were four genotypes, GG01, GG04, GG06, and GGr01. GGDH, GG02, GG03, and GGr02
genotypes of GRID carried the DH genotype in qDTH3, and GGHS, GG05 and GG07 genotypes of GRID
carried the HS genotype in qDTH3. The qDTH3 DH genotype was found in the four OR varieties and 14
WRC varieties. The qDTH3 HS genotype in WRC population was found only in one varieties (Nipponbare),
which is breeding line derived from rice breeding programs. Both qDTH3 DH and HS were found in JRC
population and 20V.

Discussion
Continuous selection based on phenotypes has been performed following crop domestication, and
cultivated rice underwent genetic and genomic changes during the breeding process. However, the
development of elite varieties may decrease their genetic diversity, which may hamper genetic
improvement of particular traits in the future. The drivers underlying genetic and phenotypic variation
among elite varieties in local regions remain unclear. In the current study, we identi�ed a putative causal
locus for qDTH3 that was differentiated among elite rice varieties grown in Hokkaido.

Previously, we identi�ed qDTH3 for heading date on chromosome 3 (Fujino and Ikegaya 2020). The
genetic effect of qDTH3 is desirable regarding the balance between growth period and rice yield, and
qDTH3 has the potential to re�ne the rice ideotype under local environmental conditions. Fine mapping of
qDTH3 narrowed the qDTH3 locus down to a 158-kb region with respect to a reference genome, which
involved 19 genes annotated in the RAP DB (Fig. 2, Table S5). One of them, OsMADS50, controls the
heading date (Lee et al. 2004). In addition, Ef-cd, which encodes a long non-coding RNA, is also
associated with maturity (Fang et al. 2019). High-resolution mapping using a larger population size may
help identify the gene accounting for qDTH3.

Here, we propose a model for the evolution of cultivated rice from the ancestor O. ru�pogon. Among the
four Oryza populations, eight genetic events, including nucleotide substitution, deletion, and
recombination, were involved in the process of evolution (Fig. 4, Table 3). GGr01 may be an ancestral
genotype of GRID, splitting it into two lineages: GGr02 and GG01. Thus, GG02 may have been derived
from GG01 and GGr02. These showed recombination. The GGDH and GGHS genotypes in GRID
originated from a recombination between GG02 and GG04 or GG03 and GG04, and between GG05 and
GG06, respectively. During the evolutionary process of rice cultivation resulting from GRID, qDTH3 may
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have been introduced from different lineages, which were split off from the origin GGr01. Many SNPs
were detected in the OR, generating various haplotypes and alleles (Table 1). Arti�cial selection focusing
on adaptability to local regions reduced nucleotide polymorphisms between Japonica and Tropical
Japonica of the JRC population and 20V (Tables 1). Recombination can be identi�ed among these
populations as a genetic event.

Genetic recombination events were identi�ed in japonica of the JRC (Table 3, Table S10). Furthermore, all
nine genotypes of GRID distributed in cultivated rice were included in JRC (Table 2). In Japan, japonica
rice with a sticky eating quality is favored and is therefore cultivated. As rice is a staple crop in Japan,
intensive selection may have occurred before rice breeding programs (Fujino and Shirasawa 2022).
Taken together, the model presented here included all 11 GRID genotypes, suggesting that recombination
events occurred in Japan.

We also show here that rice cultivation can be historically categorized into three generations, based on
genetic diversity (Fig. 5): generation I is the period from rice domestication to the diversi�cation of rice
cultivation worldwide; there were numerous nucleotide polymorphisms, resulting in various haplotypes
and alleles. Generation II is the period after diversi�cation of rice cultivation worldwide to the rediscovery
of the Mendelian law. The haplotypes selected in generation I may have generated intrapopulation
recombination under arti�cial selection. Generation III represents the period of rice breeding programs
based on Mendelian law (Fig. 5).

In the rice domestication process, recombination had a marked impact on the combination of desirable
genes (Konishi et al. 2008). After domestication, rice cultivation has spread worldwide. In generation I, the
spread of rice cultivation may have relied on standing variation from the original genetic pool. In
generation II, recombination may have rearranged gene combinations among local population.
Recombination is a driving force of genetic diversity, which can shape adaptability of rice to particular
local conditions.

The DH qDTH3 genotype originated from one lineage, which was one of the two lineages diverged from a
common ancestor during the evolution of cultivated rice. Once genes associated with desirable traits are
introduced, they can spread to the entire population (Fujino et al. 2019b, Zhang et al. 2021). Previously,
we demonstrated that major genes associated with desirable traits in elite varieties were introduced into
the local gene pool, such as rice blast disease resistance Pi-cd, plant type Hd1, and eating quality SbeIIb
(Fujino et al. 2019b, d; Ikegaya and Ashida 2021). Understanding genetic diversity involved in local
varieties may be of use in crop breeding programs for rice and other crops.
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Figures

Figure 1

Differences in heading date.

a heading dates of the parents, Daichinohoshi (DH) and Hoshinoyume (HS). Open and closed boxes
indicate DH and HS, respectively. Closed and open triangles indicate the mean of days to heading (DTH)
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in DH and HS, respectively. The horizontal bar shows the standard deviation. b Frequency distribution of
DTH in F2 population derived from crossing DH and HS.

Figure 2

Fine mapping of qDTH3.

Upper panel. The horizontal bar indicates chromosome 3. The vertical bar indicates the marker position.
The number under the bar indicates the number of recombination events between markers. Lower panel.
Black, white, and gray bars indicate the genotypes of the DH, HS, and heterozygous, respectively. Days to
heading (DTH) of the recombinant are shown as violin plots with statistics. Different letters, a, b, c, and d
indicate signi�cant differences in DTH according to a Tukey–Kramer HSD test. The genotype of qDTH3 in
the F2 plant was predicted by the F3 test of heading date; DH – Daichinohoshi, HS – Hoshinoyume,
Hetero – heterozygous.
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Figure 3

Classi�cation of genotype of GRID.

Upper panel: Horizontal bar shows chromosome 3. Vertical bars indicate the positions of the �ve
polymorphism sites for GRID genotyping.

Lower panel: Open, closed, and gray circles indicate Daichinohoshi, Hoshinoyume, and Oryza ru�pogon
genotypes, respectively.
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Figure 4

A model of the evolutional process on genotype of GRID.

Arrows indicate substitution and deletion. Dot arrows indicate recombination. EV01-EV08 are genetic
events described in table 3. GRID genotype is shown in Fig. 3.
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Figure 5

A model of the evolution of cultivated rice.

Distribution of GRID genotypes among the four Oryza populations (OR, WRC, JRC, and 20V) is shown.
Triangles with graduated colors indicate the relative degrees of nucleotide polymorphism (left) and
recombination (right). The evolution of cultivated rice has historically been categorized into three
generations based on their genetic diversity: Generation-I, -II, and -III (Gen-I, II, and III).
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