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Abstract: Rice (Oryza sativa) is a domesticated crop widely grown from tropical to temperate regions.
The complement of polymorphisms in locally adapted varieties (LAVs) of rice helps them acclimate
to colder regions such as Hokkaido, a northern, high-latitude region of Japan. Although large-effect
genetic variants have been characterized, small phenotypic effects arising from the limited genetic
diversity present in LAVs have not been fully elucidated. We used 79 Hokkaido LAVs to investigate
days to heading (DTH) over multiple years. Variance in the DTH caused by environmental variation
ranged from 2.5 to 11.0 days. As the genome sequences of 70 Hokkaido LAVs are available, we looked
for variation in four heading genes: Ghd7, OsPRR37, Hdl, and DTHS. Hokkaido LAVs mainly
harbored nonfunctional alleles for Ghd7 and OsPRR37, thus suggesting that these alleles influence
DTH by hastening heading. Hdl and DTHS had relatively small effects on the DTH of the Hokkaido
varieties, which were comparable to the effects of the environment. Our previous studies that used
recombinant inbred lines (RILs) between two Hokkaido varieties, A58 and Kitaake, suggested that
another quantitative trait locus (QTL) for the DTH is present on chromosome 4 (gFDTH4). We mapped
and evaluated the contribution of gFDTH4 to the DTH using 21 Hokkaido varieties, and detected a
small effect compared to the effects of the four other genes. These findings indicate that small-effect
QTLs maintain differences among LAVs and finely tune traits within the limited genetic variation of
LAVs.
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1. Introduction

Locally adapted varieties (LAVs) can be created for crop species by ensuring the presence of
genetic variants other than those driving adaptation to common environments [1]. This method is
commonly used for crops that are widely grown worldwide, such as rice (Oryza sativa) [2], wheat
(Triticum aestivum) [1], maize (Zea mays) [3], and grape (Vitis vinifera) [4,5], thus supporting
sustainable agriculture that is tailored to the characteristics of each region.

Crop varieties adapted to a specific geographical region are developed by exploiting their standing
but sometimes limited genetic variation [6]. While the available genetic resources can be limited, it is
important to assess the regional characteristics of crop varieties to identify germplasm that meet the
needs of stakeholders such as producers and consumers. When creating new varieties, it is important
to determine whether and to what extent genetic variants present in the varieties grown within a given
region should be considered. Notably, very few studies have quantitatively investigated the use of
region-specific variations.

The contribution of variations related to environmental adaptation among LAVs is small and
difficult to distinguish from that related to environmental variations. Moreover, the amplitude of the
traits being measured varies as a function of the year and environment, making it difficult to precisely
define the genetic landscape responsible for local adaptation [7,8]. However, the differences in
quantitative traits among LAV are much more subtle than those influenced by genes with large effects,
thus providing good options for local stakeholders. Locally adapted rice varieties display a more
limited range of variation in the flowering time compared to genetically modified or highly bred
commercial varieties [9,10]. For example, some rice landraces exhibit adjustments in the flowering
time as an adaptation to the local changes in temperature and photoperiod; importantly, the range of
variation between very early flowering and very late flowering varieties is fairly modest. Along with
single genes with large effects, quantitative trait loci (QTLs) contribute to these variations. Hori et
al. [11,12] identified multiple QTLs that regulate the eating quality of rice grains and showed that this
trait is fine-tuned through continuous selection by local farmers rather than through abrupt genetic
modification.

Rice has been extensively studied for its regional adaptability [9]. Although rice is native to
tropical and subtropical regions, it can also grow at high latitudes above 40° north [13,14]. Rice in
these regions has acquired early-heading and cold tolerance traits [15]. The genetic architecture of the
cold tolerance trait is complex, and the specific mechanisms which underlie adaptation to high latitudes
are not fully understood. Therefore, early heading is the trait that is linked to the adaptation of rice
varieties to high latitudes [16,17]

The loss of photoperiod responses underlies the early-heading trait related to the adaptation of
rice varieties to high latitudes [13]. This loss of photoperiod sensitivity is mainly due to nonfunctional
alleles at two genes: Grain number plant height and heading date 7 (Ghd7: E1/Hd4) and PSEUDO-
RESPONSE REGULATOR 37 (OsPRR37: Hd2) [18-22]. In addition, an ortholog of the Arabidopsis
thaliana floral activator CONSTANS named Heading date 1 (HdI: Sel), and Days to heading 8§ (DTHS:
GhdS8/HdS5) are thought to be involved in the adaptation of rice varieties to high latitudes [23,24]. The
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adaptation of rice to high latitudes has been studied in detail using a group of varieties adapted to the
northernmost limit of the rice cultivation zone in Hokkaido [25,26].

Compared with the genetic diversity among rice varieties grown in Japan as a whole, the genetic
diversity of rice varieties adapted to Hokkaido is relatively low [27]. This limited diversity is probably
the result of selecting specific traits for adaptation to the high latitudes in Hokkaido [20]. Despite this
relatively low genetic diversity, 58 rice varieties have been bred in Hokkaido over the past 50 years
according to the rice variety database (https://ineweb.narcc.affrc.go.jp/). These varieties have been
developed by combining region-specific genetic variants other than those related to environmentally
adapted genes [24].

Early maturation and cold tolerance are primary traits of Hokkaido rice varieties and represent
common environmental adaptations. However, these traits likely vary within a certain range of values
due to small genetic effects and environmental variation. In this study, we characterize the days to
heading (DTH) of rice LAV from Hokkaido and reveale the contributions of small-effect genes, which
are difficult to distinguish from environmental variation, to breeding. The aim of this study is to
describe the small-effect variation found in LAVs that is not commonly seen when rice lines with
distant genetic relationships are crossed and analyzed.

2. Materials and methods
2.1. Plant materials and experimental design

Days to heading (DTH) was measured in a set of 79 Hokkaido varieties (Supplemental Table 1)
over nine years, from 2013 to 2018 and from 2020 to 2023, at Kamikawa Agricultural Experimental
(KAE) Station. During the preliminary data analysis of the DTH, the data for 2017 and 2023 were
significantly different from the other years based on Grubbs’ statistics and were excluded from further
evaluations. Therefore, the DTH data for the remaining 7 years was considered. Every variety had
DTH data for at least 2 years and as many as 7 years. Another data set used in this study included DTH
data for 21 Hokkaido varieties (see Table 4). The DTH data for these varieties were recorded in 2022,
and genomic DNA from these varieties were extracted and used for ddRAD-seq genotyping (see
below) at the KAE Station. The recombinant inbred lines (RILs) were developed from crosses between
the Hokkaido landrace ‘A58’ and the released variety ‘Kitaake’. The 30 materials used for the sequence
analysis, DTH quantification, and QTL detection were obtained in a previous study [28]. The 114 other
RIL plants (Fs generation) were used to determine the DTH and for gene mapping in 2022 in the paddy
field of Hokkaido University, Sapporo, Japan (43.1° N).

2.2. Determination of heading date

The heading dates of all Hokkaido varieties were determined at the KAE Station. Meteorological
data were obtained from the Automated Meteorological Data Acquisition System (AMeDAS) [29].
The seeds were sown in mid-April in a vinyl house with a natural temperature and light conditions
(12.5 h daylength and 12-23 °C), and the established seedlings were transplanted in the field in mid-
May in 2013,2014,2016,2017, and 2018. In 2020, the seeds were sown in early May, and the seedlings
were transplanted in late May. In 2021, 2022, and 2023, the seeds were sown in late April, and the
seedlings were transplanted in late May. The DTH was recorded from 20 plants per variety when at
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least 50% of the effective tillers had flowered. The DTH data for the 21 Hokkaido varieties were
collected in 2022, with the seeds being sown in mid-April and the seedlings being transplanted in mid-
May. For the RILs, the seeds were sown in late April and the seedlings were transplanted in late May
2022. All seedlings were initially kept in a greenhouse with natural light (12—13 h daylength) and
temperature conditions (20-23 °C); one-month-old seedlings were transplanted into the paddy field.
The DTH was recorded as the number of days from sowing to the emergence of the first panicle every
day during July and August. The average DTH of each line was calculated from the values of six plants
per variety or line; the DTH values of individual plants were also considered during mapping [28].

2.3. Genotyping of known photoperiod-related loci

To determine the genotypes at the four known photoperiod loci in the Hokkaido rice varieties,
Gdh7, OsPRR37, Hdl, and DTHS were used based on published data from Fujino et al. [20].

2.4. SNP detection by double-digestion RAD-seq (ddRAD-seq)

Genomic DNA for ddRAD-seq were extracted from young leaves of 21-day-old plants (3—5 leaf
stage) using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Restriction site—associated DNA
(RAD) sequencing libraries were constructed for high-throughput DNA sequencing following the
ddRAD-seq method as described [30]. A total of 250 ng of genomic DNA was fragmented by double
digestion with PstI and Mspl (Thermo Fisher Scientific, Waltham, MA, USA). Nucleotide sequences
of the libraries were determined on a DNBSeq-G400 (MGI Tech, Shenzhen, China) in paired-end, 100
bp mode. The Oryza sativa reference genome sequence (Os-Nipponbare-Reference-IRGSP-1;
https://rapdb.dna.affrc.go.jp/) was used for single nucleotide polymorphism (SNP) mapping. A total of
9,923 genome-wide SNPs were detected by ddRAD-seq in the 79 varieties, and breeding lines after
low-quality SNPs (variant missing rate > 50% at a single SNP position) were removed.

2.5. Mapping of gFFDTH4

Genomic DNA were extracted from the RILs and their parental varieties using the CTAB
(Cetyltrimethylammonium bromide) method using young leaves of 21-day-old seedlings [31]. Based
on the RAD-seq data from the KAE station, genotyping was performed with one marker close to the
qFDTH4 QTL [28] located at 31.4 Mb on chromosome 4 as described by [26]. This SNP marker was
examined for its association with the DTH of 21 varieties collected at the KAE station. Mapping was
performed using three markers (at 29.8 Mb, 31.4 Mb, and 34.1 Mb). The mapping interval was refined
using five insertion/deletion (InDel) markers between 31.4 Mb and 34.1 Mb (InDel-1 to InDel-5). After
genotyping the RILs, the DTH values were analyzed according to the corresponding genotype. The
PCR products were amplified and analyzed using the newly designed InDel primers by conventional
PCR and separated on 3% (w/v) agarose gels stained with MIDORI Green Advance (NIPPON Genetics
EUROPE, Diiren, Germany).

2.6. Statistical analysis

To test the statistical significance of the association between the markers and the DTH, one-way
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analysis of variance (ANOVA), paired and unpaired z-test, Tukey-Kramer test, and pairwise Dunn tests
were performed. The data were analyzed using Microsoft Excel and Prism, version 10.1.1(270).

3. Results
3.1. DTH distribution across Hokkaido varieties

Most rice varieties that are locally adapted to Hokkaido, Japan, exhibit an early-heading trait due
to cold temperatures and long daylength in the summer, which results from the high latitude of the
island. These varieties flower earlier than rice varieties cultivated at relatively low latitudes, with
variation in the DTH observed among varieties. To assess the extent of diversity for the DTH among
the Hokkaido varieties, we compiled DTH data available for 79 Hokkaido varieties grown over 9 years
(2013 to 2018 and 2020 to 2023) at KAE Station. A Smirnov-Grubbs test indicated a large deviation
for the average DTH in 2017 and 2023; therefore, we excluded the DTH values for these two years
(Table 1). The number of years with available DTH data varied, ranging from 2 to 7 years
(Supplemental Table 1).

Table 1. Average DTH distribution of 79 Hokkaido varieties in nine different years.

Year 2013 2014 2016 2017 2018 2020 2021 2022 2023
No. of varieties 63 63 21 22 17 33 31 33 28
Minimum 56 41 54 61 67 54 46 42 39
25% Percentile 60 48 61 70 69.5 56 50 48.5 46
Median 63 51 62 71.5 70 59 51 54 49.5
75% Percentile 68 56 64 7425 72.5 60 52 55 51
Maximum 79 71 72 78 74 66 56 63 52
Mean 63.73 523 6243 71.59 70.76 58.58 50.81 52.67 48.39
Std. Deviation 4988 6.324 3815 3.608 1.855 3.103 2.104 4.695 3.359

Grubbs’ Statistic (G) 1.55 1.79  2.21 294  2.03 148 229 227 280

Note: Data from 2017 and 2023 were statistically excluded from further analyses due to the large deviations
from the average DTH.

3.2. Environmental variation in DTH of the Hokkaido varieties

Among the 79 Hokkaido varieties used in this study, we investigated the variance in the DTH
(standard deviation; SD) contributed by the environment for 43 varieties based on DTH data for three
or more years. The rice variety that showed the highest environmental variance was ‘Akage’, with an
SD of 11.04, and those with the lowest were ‘Kamuimochi’ and ‘Tannemochi’, with an SD of 2.52
(Supplemental Table 2). The mean of the environmental variance for the 43 varieties was 6.34, with
an SD of 2.21. Thus, the variety Akage showed the greatest variation from year to year, with a
minimum DTH value of 42 days and a maximum value of 72 days, a difference of 30 days
(Supplemental Table 2). We conclude that the DTH is easily affected by the environment and is a trait
that varies among the varieties (Figure 1, Supplemental Table 2).
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Figure 1. Frequency distribution of days to heading for 79 rice varieties over seven years.

Note: Each bar indicates the total number of varieties with the respective mean days to the DTH
value. Mean DTH values were calculated using 2—7 years of data. The DTH was calculated from
the day of seedling transplantation in the paddy field to the emergence of 50% effective panicles
per plant.

Table 2. Functional and non-functional effects of major flowering genes on DTH.

Note: During single gene effect calculation, only the targeted gene effect on the DTH was calculated without

Gene Type GHD7 ghd7 OsPRR37 osprr37 HDI  hdl DTHS  dth8
No. of Varieties 10 60 5 65 26 44 52 18
Minimum 57 48.33 55.5 48.33 50 48.33 4833 50
25% Percentile 62 54.08 60.5 54.33 53.67 5475 5433 55.23
Median 64.5 56.86 67 57.29 55.83 60 57.54 57.11
75% Percentile 71 60.44 71 60.54 59.16 63 60.89 6231
Maximum 75 67 71 75 66.5 75 75 66.67
Mean 65.57 56.94 66 57.57 56.28 59.29 58.1 58.37
Std. Deviation 5.463 4.48 6.354 4.998 3.835  6.05 5.767  4.809
Std.E. Mean 1.727 0.5783 2.842 0.62 0.752 09121 0.7998 1.133

considering other genes, whether they are functional or nonfunctional.
3.3. Genotypes at four known photoperiod genes in the Hokkaido varieties

The early-heading characteristics of rice varieties in Hokkaido are likely largely due to four genes
with large effects on the flowering time: Ghd7, OsPRR37, Hd1l, and DTHS. Of the 79 varieties used in
this study, genome sequences were available for 70, which allowed us to assess the functionality of the
alleles present at each locus (Supplemental Table 2). Of the 70 Hokkaido varieties, 10 harbor a
functional allele at Ghd7, with the remaining 60 carry a nonfunctional allele of Ghd7. Five varieties
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have a functional allele at OsPRR37 (Table 2). Therefore, 60 and 65 of the Hokkaido varieties harbor
nonfunctional alleles at Ghd7 and OsPRR37, respectively (Table 2). Twenty-six of the varieties carry
a functional allele at Hdl, and 52 varieties have a functional allele at DTHS; therefore, functional
alleles at Hd1 and DTHS are more frequent than functional alleles at Ghd7 and OsPRR37 (Table 2).

3.4. Effects of the four known DTH genes on flowering time

To explore the individual contribution of each major photoperiod gene to the DTH, we sorted all
70 varieties with available genotype information into a group harboring a functional allele and another
group with a nonfunctional allele. Varieties with a nonfunctional allele at Ghd7 or OsPRR37 flowered
8.55 and 9.7 days earlier, respectively, than those with a functional allele (Figure 2). Varieties with a
functional allele at Hdl or DTHS reached heading 3.0 and 0.3 days earlier, respectively, than those
with a nonfunctional allele, thus suggesting that the effects of Hdl and DTHS on early heading are
more limited than those of Ghd7 and OsPRR37 (Figure 2). These results indicate that early heading in
the Hokkaido varieties is mainly due to nonfunctional alleles at Ghd7 and OsPRR37. When we
classified the 70 varieties as a function of their genotypes at all four major-effect loci, we defined nine
groups, with very close DTH values when the varieties had nonfunctional alleles at both Ghd7 and
OsPRR37, ranging from 54.5 to 57.0 days (Table 3). The 13 varieties from the five relevant genotype
groups had a functional allele at either Ghd7 or OsPRR37. The average DTH values of these varieties
were higher than those with both nonfunctional alleles (65.23 + 3.59 vs. 56.31 + 1.21: mean + SD);
this difference was significant (8.92 days, #-test = 0.0022) (Table 3). Therefore, when Ghd7 and
OsPRR37 are nonfunctional, the effects imposed by functional alleles at Hdl and DTHS are partially
masked by environmental variations (Figure 3).

80—
a a
b l ab b ab ab g
60 T [
T 40-
a
204
- A A '\I A I I
NN DD
Q O O O XX
&L s L L E TS

Figure 2. Effect of the genotypes at individual large-effect photoperiod genes on DTH.

Note: Each of the large-effect photoperiod genes was considered individually without considering
other genes. Genotyping of major flowering-time genes was performed as described by Fujino et
al. [20]. The effect of each gene was calculated using the average DTH values for all varieties
harboring the indicated genotype. Values are means = SD. Different lowercase letters indicate
significant differences, as determined by Anova (p < 0.0001).
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Figure 3. Effect of the combined genotypes at Hd1, Ghd7, OsPRR37, and DTHS8 on the DTH.

Note: Functional and nonfunctional alleles were as described by Fujino et al. [20]. Varieties were
grouped based on their genotypes at the four major photoperiod genes: Ghd7, OsPRR37, Hdl, and
DTHS. “Genotype-1 to 6” were ranked by the number of varieties with the given genotype, as listed

in Table 3. The DTH values were calculated using the average data for each constituent variety.

Values are means = SD. Different lowercase letters indicate significant differences, as determined

by Anova (p = 0.0020).

Table 3. Genotype groups showing different functional and nonfunctional allele
combinations with DTH difference.

GHD7 OsPRR3 HDI DTH8 Genotype No. of Minimum  Maximum Median Mean  SD SEM
7 Varieties
f f f F Gen-1 23 48.33 65.5 57.29 56.86  5.069  1.057
f f F F Gen-2 21 50.67 66.5 57 56.69  3.844  0.8388
f f f f Gen-3 8 54 62.25 56.36 57.17 2992  1.058
f f F f Gen-4 5 50 59.2 55.67 5453  3.648  1.631
F f f F Gen-5 4 57 75 63.25 64.63  7.521  3.76
F f f f Gen-6 4 60.5 66.67 64 63.79  2.81 1.405
F F f f Gen-7 2 - - - 71 - -
f F f F Gen-8 2 55.5 67 61.25 6125  8.13 5.75
f F f f Gen-9 1 - - - 65.5 - -

Note: Several data include (-), which means the minimum, maximum, median, SD & SEM are not available or the same because of the

same DTH average value of two varieties or only one DTH average value of a single variety. F and f indicate the functional and loss-of-

function alleles in the locus, respectively.

3.5. Contributions of the QTL gFDTH4 to DTH in the Hokkaido varieties

AIMS Agriculture and Food
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In a previous study [28], we detected QTLs for the DTH using RILs produced by crossing the
Hokkaido landrace A58 with the Hokkaido variety Kitaake. These QTLs mapped to chromosomes 1,
2,4, 6, and 10, which are different positions from those reported for previously established heading-
related genes in rice. Here, we focused our investigation on the QTL that mapped to chromosome 4,
qFDTH4, which had the largest effect on the DTH among the five QTLs. We subjected the genomic
DNA of 21 Hokkaido varieties to RAD-seq analysis to detect their complement of polymorphisms at
this locus. We used an SNP marker located near the position of gFDTH4 in the 29.8-32.4 Mb interval
on chromosome 4 [28]. We identified a SNP marker at 31.4 Mb (Position: 31,409,997 bp) and used it
to genotype the 21 Hokkaido varieties into two groups according to their genotype: the A58 (A) type
and the Kitaake (K) type, representing 8 and 13 varieties, respectively.

The average DTH values of the varieties were 62.6 = 4.1 (A-type) and 60.5 + 3.4 (K-type), a
difference that is significant (z-test = 0.022). Thus, by using the genotype at this SNP as a proxy for
the allele at gFDTH4, we conclude that gFDTH4 across the 21 Hokkaido varieties displays a potential
effect on the DTH of about 2.1 days, which is independent of the genotypes at Ghd7, OsPRR37, Hd 1,
and DTHS. We suggest that other gene(s) in addition to the four photoperiod genes control the DTH in
the Hokkaido LAVs (Table 4).

Table 4. Hokkaido varieties genotyping of gFDTH4 using 31.4Mb SNP marker based on
Rad-seq data.

Varities Genotype qFDTH4 DTH
Emimaru Gen-1 A 54
Kazenokomochi Gen-1 A 64
Kitayukimochi Gen-1 A 61
Sorayutaka Gen-1 K 59
Kitafukumochi Gen-1 K 58
Kitaake Gen-2 K 62
Kirara 397 Gen-2 K 64
Hoshinoyume Gen-2 K 61
Daichinohoshi Gen-2 K 54
Oborozoki Gen-2 K 62
Yumeperika Gen-2 K 62
Nanatsuboshi Gen-2 A 62
Fukurinko Gen-2 A 66
Shimahikari Gen-3 A 68
Hakutomochi Gen-3 A 63
Hoshimaru Gen-4 K 54
Sorayuki Gen-4 K 62
Kitakurin Gen-4 A 63
Ginpu - K 64
Suisei - K 63
Kitashijoku - K 62

Note: Ginpu, Suisei, and Kitashijoku, these three varieties genotype group (Gen-n) are not available, but they
can contribute independently to the DTH effect of gF'DTH4 without considering the genotype group. Same as
other genotype groups. A and K indicate the A58-type and Kitaake-type alleles in the locus, respectively.
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3.6. Mapping of gqFDTH4

To narrow down the location of gFDTH4 on chromosome 4, we genotyped the gFDTH4 region
using a population of Fs RILs derived from a single Fs individual that was heterozygous at this region
and derived from the parental varieties A58 and Kitaake. We scored the DTH in 114 Fe plants and the
two parental varieties. A58 flowered 3—5 days later than Kitaake in the paddy field in 2022. The range
of the DTH values for the 114 Fg plants was 63—85 days, with a mean DTH of 71.2 + 6.4 days.

We genotyped all 114 plants with insertion/deletion (InDel) markers near gFDTH4. Accordingly,
we designed five InDel markers (InDel-1-5) based on the polymorphisms between A58 and Kitaake
in the 29- to 35-Mb interval on chromosome 4 (Figure 4). We identified eight plants that had
recombinations in this region. Among these eight plants, four had a recombination event between
InDel-2 and InDel-3: two of these plants were late heading, whereas the other two were early heading
(Figure 4). Therefore, the gFDTH4 locus that affects the DTH is located between InDel-2 and InDel-
3 within a 2.21-Mb region (Figure 4).

- ~

Inde—l-1 Indel-2 Indel-3 Indel-4 Indel-5
1
A58-74
Kitaake- 69
84
66
84
63
65
63
81
82 =
) 2.21 Mb

Figure 4. Molecular mapping of gFDH4.

Note: Molecular mapping of gFDTH4 after confirming the position of the QTL using the DTH
values for Hokkaido using the nearest marker (31.4 Mb) by RAD-seq (Table 4). Five InDel markers
were developed between 31.4 Mb and 34.1 Mb to refine the mapping interval. The location of the
qFDTH4 QTL was narrowed down to between InDel-2 and InDel-3 based on the DTH values and
the genotype. Black bars, A58 genotype; white bars, Kitaake genotype. The DTH values for the
individual RILs are shown on the left.

AIMS Agriculture and Food Volume 10, Issue 2, 523-542.



533

4. Discussion

Rice cultivation in Hokkaido is unique due to the high latitude of this region, which is
characterized by a long daylength, relatively low temperatures, and a short growing season [32,33]. To
complete their life cycle in this environment, locally adapted varieties must flower early; however,
beyond this general adaptation, substantial variations in the DTH can accumulate, as evidenced here
among the Hokkaido LAVs (Table 1). In addition to genetic factors, the flowering time in rice is
strongly affected by environmental conditions. Annual variations in temperature and other climatic
factors introduce inconsistencies in DTH data collected across different years (Table 1) [19]. As
demonstrated in our study, the DTH is influenced by environmental factors, with considerable
differences in sensitivity among the varieties (Supplemental Table 2). Genetic variation can sometimes
be masked by environmental variations. While varieties such as Akage exhibited high variance in
response to the environment, the two other varieties, Kamuimochi and Tannemochi, had more stable
DTH values (Supplemental Table 2). Understanding the reasons for this variation is crucial for
breeding locally adapted rice varieties, as even small changes in the DTH can have a large effect on
local preference. In Hokkaido, the varieties destined for human consumption are generally more
valuable and in higher demand. These varieties are selected for earlier maturation, even if their overall
yield might be lower. Conversely, fodder rice varieties offer higher yields, even though they mature
later. Despite being cultivated in the same region, the critical differences in their heading times are
largely controlled by the cumulative influence of multiple genetic loci, including the small-effect loci.
Differences in the timing and duration of the heading stage observed in rice varieties growing in
Hokkaido highlight the genetic control and environmental interactions that influence the DTH [34].

The early-heading characteristics of Hokkaido LAVs are known to be influenced by four major
genes: Ghd7, OsPRR37, Hdl, and DTHS [23,25]. These genes regulate the flowering time through a
combination of functional and nonfunctional alleles in response to the daylength and temperature,
which are two important factors in the adaptability of rice to high latitudes. As functional alleles at
Ghd7 and OsPRR37 delay flowering under long-day conditions [35,36], their loss-of-function alleles
are important for the early-heading varieties of Hokkaido in the prevailing short growing season.
Among the 70 varieties analyzed here, 60 had a nonfunctional allele at Ghd7 and 65 had a
nonfunctional allele at OsPRR37 (Supplemental Table 2), thus suggesting the importance of these
genotypes in varieties locally adapted to Hokkaido. The predominance of nonfunctional alleles at Ghd7
and OsPRR37 suggests that a diminished photoperiod sensitivity is a critical factor in the early heading
trait among Hokkaido LAVs (Table 3). Such a genetic landscape for LAVs may not easily be replaced
by alleles at other loci. Of the 70 Hokkaido LAVs, 26 and 52 harbor a functional allele at Hd/ and
DTHS, respectively (Table 3). The presence of a functional allele at Hd/ and DTHS§ maintains early
heading and yield stability in these varieties. These findings are valuable for the development of rice
varieties with improved adaptation to and productivity in high-latitude environments. Therefore, in
Hokkaido LAVs, the selection of genotypes at Hdl and DTHS is less strict than at Ghd7; additionally,
OsPRR37 is not as essential for regional adaptation. While the alleles at Hd/ and DTHS do not display
strong effects, they help fine-tune the DTH when combined with other genetic factors [37—40]. Genes
involved in adaptation to harsh environments have been the target of selection in crop breeding,
whereas those with small genetic effects have helped optimize the plant growth and yield [35].

Crosses between varieties with a similar phenotype reveal the underlying genetic architecture of
a given trait, as evidenced by the transgressive segregation of phenotypes of interest in the

AIMS Agriculture and Food Volume 10, Issue 2, 523-542.



534

progeny [28]. To harness transgressive segregation, we previously crossed A58 to Kitaake, which has
a similar heading date. The progeny had heading dates that were either earlier or later than those of the
two parents. A QTL analysis detected a previously unreported moderate-effect locus on chromosome
4, qFDTH4, which mapped to a location distinct from that of other known genetic factors which
influence heading in Hokkaido varieties, such as Ghd7, OsPRR37, Hdl, and DTHS. In our study, we
attempted to evaluate the effect of gF'DTH4 using Hokkaido LAVs by separating them into two groups
based on their genotype at a nearby SNP marker (Figure 4). We observed a two-day difference in the
DTH between the Hokkaido LAVs with an A58-type or Kitaake-type allele (Table 4). The effect of
qFDTH4 might be hidden by the environmental effect or some major-effect gene(s) when varieties
with different genetic backgrounds are used for crossing. We detected an effect for gF'DTH4 under the
similar genetic backgrounds of Hokkaido LAVs (Figure 4). gFDTH4 may fine-tune the DTH in
Hokkaido LAVs. The small but significant effect of 2.1 days independent of other photoperiod genes
suggests that gFF'DTH4 is likely a small-effect modifier that interacts with other heading-time genes.
The polygenic nature of heading-time regulation emphasizes the need for fine-mapping of gFDTH4 to
identify the causal gene. A small-scale fine-mapping experiment using 114 Fs plants with polymorphic
InDel markers between 31.4 Mb and 34.1 Mb on chromosome 4 delineated gF'DTH4 to between InDel-
2 and InDel-3 (Figure 4).

In this study, we characterized a QTL related to an early DTH. This small-effect QTL could
explain the adaptation of Hokkaido LAVs to local conditions. The LAVs adapt to their environment
through genes with strong effects, but diversity among the LAVs is maintained through genes with
small effects [41,42]. Small-effect genes facilitate the variation of locally adapted rice varieties to
specific environmental conditions and provide more options for the stakeholders [43,44].

5. Conclusions

In varieties that have adapted to environments far away from their regions of origin, genetic
effects that have a significant influence on local-scale environmental adaptation are essential. Our
study highlights the presence of cryptic variations in the flowering times of locally adapted rice
varieties in Hokkaido. Major-effect heading-related genes such as Ghd7 and OsPRR37 play key roles
in determining the DTH in Hokkaido LAVs, while Hdl and DTHS have relatively small effects, which
are equivalent to environmental effects. We characterized a small-effect locus, gFDTH4, that
contributes to the cryptic variation among LAVs. We mapped ¢FDTH4 to a 2.1-Mb interval on
chromosome 4 and demonstrated that small-effect QTLs maintain genetic diversity in rice populations
with limited genetic backgrounds adapted to specific environments. Future studies which focus on
qFDTH4 may provide insights into the genetic makeup of the flowering-time regulation in high-
latitude environments.
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Supplementary

Supplemental Table 1. Heading days of 79 Hokkaido varieties in 9 different years

observed in Kamikawa Agricultural Experimental Station.

Name/Year 2013 2014 2016 2017 2018 2020 2021 2022 2023
Akage 68 51 61 75 72 60 47 42 39
Bozu 68 54 64 75 74 59 52 53 51
Bozu 6 64 48

Hashiribozu 66 53 62 74 73

Wasebozu 58 41

Iburiwase 62 49 61 71 67

Fukoku 64 55 63 51 52 51
Wasefukoku 61 50 62 71 69

Norin 9 61 46

Norinll 57 41

Tomoenishiki 73 69

Ounochuutou 79 71

Ishikarishiroge 63 51

Eicho 65 54 70 76

Kyowa 68 56

Hakuchomochi 65 49 56 50 52 50
Norinl5 57 41 54 61

Norinl9 60 46

Norin20 61 47 57 72 70 55 52 55 42
Minamisakae 70 61

Shinsakae 70 61

Hokkaill2 57 47 59 68

Shinsetsu 69 57

Tomoemasari 75 67

Norin34 62 49

Hokuto 62 47

Yukara 69 58

Mimasari 66 55

Sasahonami 60 48 62 70 70

Fukuyuki 60 49

Shiokari 67 53 61 52 47 52
Matsumae 72 61

Kitakogane 61 47

Ishikari 59 48 61 70 73 57 51 54 50
Sorachi 71 57 72 78

Hayayuki 64 47 61 70 69

Kitahikari 67 58 61 56 63
Tomoyutaka 59 50
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Name/Year 2013 2014 2016 2017 2018 2020 2021 2022 2023
Hayakogane 57 47

Shimahikari 63 49 64 72 73

Kitaake 59 49 63 71 71

Michikogane 66 55

Tomohikari 65 50

Yukihikari 67 53 64 75 70 58 54 50
Aya 68 57 66 55 61
Hayakaze 56 47

Hayamasari 58 42

Kirara397 61 53 65 74 71 60 51 55 51
Honoka224 68 57

Kitaibuki 63 49

Hoshimaru 60 48 56 49 46 46
Akiho 59 50

Hoshinoyume 61 53 64 72 70 61 51 47 49
Nantsuboshi 61 53 63 71 72 59 51 55 50
Fukkurinko 64 56 63 52 58
Minakuchiine 71 63

Kuroge 57 51

Yumeperika 61 53 59 50 55 49
Oborozuki 62 54

Hokkaiwase 62 49

Toyohikari 68 63

Daichinohoshi 57 49 61 66 54 49 46 46
Hokkai 287 61 53

Sorayuki 61 72 70 59 52 54 52
Sorayutaka 71 69 57 51 53 48
Kitakurin 60 51 56 52
Emimaru 54 46 45 43
Ayahime 59 51 54 49
Ginpu 60 52 56 52
Suisei 60 52 55 51
Kitashijuku 57 51 55 51
Yukimochi 65 58
Kamuimochi 59 54 56
Annemochi 58 50 52 49
Tannemochi 55 50 52 45
Kazenokomochi 59 51 53 50
Shirokumochi 54 47 47 45
Kitayukimochi 55 49 47 46
Kitafukumochi 54 49 50 46

Note: Meteorological data (temperature and total rainfall) are provided as reference [28] in Kamikawa (pippu
town) from April to September in 2013—-2023 obtained from the stations of AMeDAS.
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Supplemental Table 2. Average heading dates, standard deviation and standard error of
the mean of 79 Hokkaido varieties along with allele combination of Ghd7, OsPRR37, Hdl
and DTHS heading genes in 70 Hokkaido varieties [20].

Variety Year of Ghd7  OsPRR37  Hdl DTHS AVG. SD. SEM
breeding DTH
Akage ND f f f F 57.29 11.04 4.173
Bozu 1895 f f f F 60.57 8.40 3.176
Bozu 6 1919 f f f f 56 11.31 8
Hashiribozu 1932 f f f F 63.5 8.35 4.173
Wasebozu 1936 f f f F 49.5 12.02 8.5
Iburiwase ND f f f F 59.75 7.63 3.816
Fukoku 1935 F f f F 57 6.12 2.739
Wasefukoku 1936 f f f F 60.5 7.85 3.926
Norin 9 1937 f f f F 53.5 10.61 7.5
Norinl1 1937 f f f F 49 11.31 8
Tomoenishiki 1941 F F f F 71 2.83 2
Ounochuutou 1941 F f f F 75 5.66 4
Ishikarishiroge 1941 f f f F 57 8.49 6
Eicho 1942 F f f F 63 8.19 4.726
Kyowa 1942 f f f F 62 8.49 6
Hakuchomochi 1989 f f f f 54.4 6.50 2.909
Norinl5 1940 f f F F 50.67 8.50 491
Norinl9 1941 f f f F 53 9.90 7
Norin20 1941 f f f f 56.71 7.27 2.749
Minamisakae 1951 f F f f 65.5 6.36 4.5
Shinsakae 1951 f f f F 65.5 6.36 4.5
Hokkaill2 1951 f f F F 54.33 6.43 3.712
Shinsetsu 1954 f f f F 63 8.49 6
Tomoemasari 1951 F F f F 71 5.66 4
Norin34 1948 f f f f 55.5 9.19 6.5
Hokuto 1953 f f f F 54.5 10.61 7.5
Yukara 1962 F f f F 63.5 7.78 5.5
Mimasari 1959 F f f f 60.5 7.78 5.5
Sasahonami 1961 f f F F 60 9.09 4.546
Fukuyuki 1958 f f F F 54.5 7.78 5.5
Shiokari 1963 f f f F 56 7.94 3.55
Matsumae 1970 f f F F 66.5 7.78 5.5
Kitakogane 1973 f f f f 54 9.90 7
Ishikari 1971 f f F F 57.57 8.16 3.085
Sorachi 1967 F f f f 66.67 8.39 4.842
Hayayuki 1969 f f f F 60.25 9.43 4.715
Kitahikari 1975 f f f F 61 4.30 1.924
Tomoyutaka 1977 f f F F 54.5 6.36 4.5

Continued on next page
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Variety Year of Ghd7  OsPRR37 Hdl DTHS AVG. SD. SEM
breeding DTH
Hayakogane 1977 f f F F 52 7.07 5
Shimahikari 1980 f f f f 62.25 991 4.956
Kitaake 1983 f f F F 60.5 9.15 4.573
Michikogane 1982 f f f F 60.5 7.78 5.5
Tomohikari 1983 f f f f 57.5 10.61 7.5
Yukihikari 1984 f f f f 61 7.04 2.875
Aya 1991 f f F F 61.4 5.59 2.502
Hayakaze 1990 f f F F 51.5 6.36 4.5
Hayamasari 1988 f f F f 50 11.31 8
Kirara397 1988 f f F F 59.43 7.07 2.671
Honoka224 1990 F f f f 62.5 7.78 5.5
Kitaibuki 1993 f f F f 56 9.90 7
Hoshimaru 2006 f f F f 51.8 5.93 2.653
Akiho 1996 f f F F 54.5 6.36 4.5
Hoshinoyume 1996 f f F F 58.14 8.09 3.058
Nantsuboshi 2001 f f F F 59.14 7.13 2.694
Fukkurinko 2003 f f F F 58.6 4.98 2.227
Minakuchiine ND f F f F 67 5.66 4
Kuroge ND f f F F 54 4.24 3
Yumeperika 2008 f f F F 55.6 4.45 1.99
Oborozuki 2003 f f F F 58 5.66 4
Hokkaiwase ND f F f F 55.5 9.19 6.5
Toyohikari 1953 F f f f 65.5 3.54 2.5
Daichinohoshi 2003 f f F F 52.67 5.68 2.319
Hokkai 287 1998 f f F F 57 5.66 4
Sorayuki 2014 f f F f 59.2 7.05 3.153
Sorayutaka 2016 f f f F 57.5 8.06 4.031
Kitakurin 2012 f f F f 55.67 4.51 2.603
Emimaru 2018 f f f F 48.33 4.93 2.848
Ayahime 2001 - - - - 54.67 4.041 2.333
Ginpu 1999 - - - - 56 4 2.309
Suisei 2004 - - - - 55.67 4.041 2.333
Kitashijuku 2010 - - - - 54.33 3.055 1.764
Yukimochi 1951 - - - - 61.5 4.95 3.5
Kamuimochi 1965 - - - - 56.33 2.517 1.453
Annemochi 1970 - - - - 53.33 4.163 2.404
Tannemochi 1983 - - - - 52.33 2.517 1.453
Kazenokomochi 1995 f f f F 54.33 4.16 2.404
Shirokumochi 2007 - - - - 49.33 4.041 2.333
Kitayukimochi 2009 f f f F 50.33 4.16 2.404
Kitafukumochi 2013 f f f F 51 2.65 1.528

Note: ND: Not Detected (These includes landraces, usually the landrace don’t have specific breeding years); F
and f indicate the functional and loss-of-function alleles in the locus, respectively; The year of breeding obtain
from the NARO database (https://ineweb.narcc.affrc.go.jp/), and Shinada et al. 2014.
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