
Introduction

The causal relationship between DNA polymorphisms and 
phenotypes among populations is the fundamental genetic 
force to improve traits in plant breeding programs. Genetic 
approaches have become important for identifying the 
genes for quantitative traits in natural variation. QTL map-
ping is a powerful method to identify chromosomal regions 
co-segregating with target traits in populations. Many im-
portant genes for domestication and agronomic traits have 
been identified by QTL analyses (Alonso-Blanco et al. 
2009, Yamamoto et al. 2009). However, QTL mapping has 
some limitations in understanding the genetic architecture 
of traits involved in local populations. QTL mapping can 
identify the related genes to biparental variations. Mapping 
resolution depends on the number of recombinations oc-
curred in the process of the development of mapping popu-
lations. Furthermore, suitable mapping populations for 
study is time consuming.

Genome wide association study (GWAS) has recently 
become popular for identifying QTLs. GWAS has the po-
tential to overcome the limitations of QTL mapping. It has 

the ability to detect the genes involved in the population 
being analyzed. A genetically diverse population involves 
numerous recombinations. GWAS is advantageous for the 
identification of causal loci at a higher resolution than that 
of QTL mapping. Many aspects related to plant growth and 
development have been approached successfully using 
GWAS (Ogura and Busch 2015). Some factors must be con-
sidered to perform GWAS precisely; sample size, popula-
tion composition, and statistical methods (Hamblin et al. 
2011, Korte and Farlow 2013, Ogura and Busch 2015). The 
difficulties associated with GWAS have been attributed to 
genetic confounding and the complexity of genetic bases for 
traits among the population.

To overcome these genetic cues and identify the genes 
for traits, we herein proposed a new approach, genome-wide 
association mapping focusing on a local population derived 
from breeding programs in local regions. Most varieties in a 
population are involved in a single pedigree relationship, 
indicating that they may be genetically identical to the prog-
enies derived from multiple cross combinations with the 
same genetic relationships. Association mapping focusing 
on such populations is beneficial for identifying QTLs. Such 
one advantage is a reduction in the genetic complexity and 
the genetic architecture of traits among the population, 
which makes it easy to perform statistical analyses of as-
sociations between genotypes and phenotypes. Another 
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advantage is the precise evaluation of phenotypes. The ex-
pression of a phenotype is a result of a genotype under 
environmental conditions. These varieties have been bred in 
plant breeding programs in local regions and cultivated in 
the area, and, thus, have better adaptability to local environ-
mental conditions.

In the present study, we performed association mapping 
focusing on a local rice population from Hokkaido, the 
northernmost region of Japan and one of the northern limits 
of rice cultivation worldwide. We previously reported the 
process underlying the establishment of this local popula-
tion (Fujino et al. 2015, Shinada et al. 2014), which was 
divided into six genetic groups over the history of rice 
breeding programs in Hokkaido (Shinada et al. 2014). In the 
last two decades, the genetic base of the local population 
has markedly shifted to the current variety type (Fujino et 
al. 2015). The trace of insertions and deletions (indels) 
found in the variety Kitaake compared with the reference 
Nipponbare revealed that pre-existing mutations in wild rice 
with the A-genome were continuously introduced into the 
local population via ancestral populations. The rapid accu-
mulation of pre-existing mutations may play major roles in 
establishing and shaping adaptability to local regions in 
current rice breeding programs.

We previously performed association analysis using can-
didate genes among a local population from Hokkaido. Hd5 
for heading date and qLTG3-1 for low temperature germina-
bility played important roles in variations in these traits 
among the population (Fujino et al. 2013, Fujino and Iwata 
2011, Fujino and Sekiguchi 2011). To confirm whether the 
approach proposed in the present study is suitable for identi-
fying genes, heading date and low temperature germinabili-
ty were targeted. The results showed that this approach had 
great potential to identify the QTLs involved in the genetic 
bases of traits in plant breeding programs in local regions.

Materials and Methods

Plant material
The Hokkaido Rice Core Panel (HRCP) was used for the 

association analysis (Supplemental Table 1). HRCP in-
cluded 63 landraces and breeding lines that represented ge-
netic diversity among the local population in Hokkaido 
(Shinada et al. 2014). HRCP clearly differentiated into six 
genetic groups over the history of rice breeding programs. 
Varieties among HRCP were evenly distributed into these 
groups. Two F2 populations derived from crosses between 
varieties with different alleles at QTLs for the heading date 
were developed to confirm the results of the association 
analysis. One F2 population, HK, was derived from the 
cross between Hayayuki and Kyouwa. The other F2 popula-
tion, NH, was derived from the cross between Nanatsuboshi 
and Honoka224. Seeds were provided by the Local Inde-
pendent Administrative Agency Hokkaido Research Organi-
zation and Hokkaido Agricultural Research Center.

All rice varieties and F2 populations were cultivated in an 

experimental paddy field at Hokkaido Agricultural Research 
Center (Sapporo, Hokkaido, Japan, 43°00′N latitude) in 
2012 and 2013, respectively. Sowing and transplanting were 
performed in late April and late May, respectively. Leaf 
samples of each plant were collected for DNA extraction.

Phenotype evaluation
Heading date was individually recorded and days to 

heading (DTH) of the earliest heading panicle among indi-
viduals was calculated for each plant as the number of days 
required from sowing to heading. In addition to DTH at 
Sapporo in 2012, DTH at Pippu in 2012 (43°51′N latitude) 
in our previous study (Shinada et al. 2014) was used for the 
association analysis. To evaluate low temperature germina-
bility, seeds were incubated at 15°C in the dark as described 
previously (Fujino et al. 2004, 2008). The arc-sine transfor-
mation of the average of triplicates in germination rate on 
sixth day after the start of the incubation was used in the 
data analysis.

DNA analysis
Total DNA was isolated from young leaves using the 

CTAB method (Murray and Thompson 1980). Genotypes at 
115 SSR marker loci including 63 markers in our previous 
study (Shinada et al. 2014) were analyzed. Furthermore, 
two markers linked to Hd5 and qLTG3-1 were used; 19DEL 
for the Hd5 gene controlling heading date (Fujino et al. 
2013) and S103 for the qLTG3-1 gene controlling low 
temperature germinability (Fujino et al. 2008, Fujino and 
Sekiguchi 2011). PCR, electrophoresis, and sequencing 
were performed as described previously (Fujino et al. 2004, 
2005).

Data analysis
An association analysis between genotype and pheno-

type was performed using the program FATESer (http://
fateser.ist.hokudai.ac.jp/). The populations used in this 
study, HRCP, were closely related to each other. FATESer 
was originally developed to specifically elucidate associa-
tions among such populations. The genotypes from 117 
markers and phenotypes of three traits were used. Statistical 
analyses were performed using the t-test, U-test, or Tukey’s 
test depending on normality/homogeneity of variance of the 
trait values and number of alleles at the SSR marker loci 
with the threshold P < 0.001. Minor alleles found in less 
than 5% were eliminated from the calculation to avoid sta-
tistical errors.

Results

Variations in heading date and low temperature 
germinability among HRCP

A wide variation in heading date was observed from 
82.0 days of Norin No. 11, Norin No. 15, and Norin No. 19 
to 101.5 of Minakuchiine (Fig. 1A). A single peak around 
94–96 days was observed in HRCP involving the medium 
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maturing variety Hoshinoyume (Fujino 2003), while that of 
the early maturing variety Kitaibuki was 89.3 days. Sixteen 
varieties exhibited an earlier heading date than that of 

Kitaibuki as an extremely early maturing type. The average 
of DTH in each genetic group were similar, 89.4–93.5 days, 
without significant difference (Table 1).

Low temperature germinability varied between 0% in 
eight varieties and 96.7% in Kuroge (Fig. 1B). Thirty-six 
varieties among HRCP exhibited weak low temperature ger-
minability (less than 30%), while eight varieties exhibited 
vigorous low temperature germinability (more than 80%). 
The eight vigorous varieties belonged to groups I and II 
(Supplemental Table 1). The average of low temperature 
germinability significantly decreased during the rice breed-
ing programs (Table 1).

Association mapping of heading date and low temperature 
germinability

Six QTLs were identified for the heading date (Fig. 2A 
and Table 2). qHD2 and qHD5a were identified in the head-
ing date at Sapporo, and the allelic difference at both loci 
was approximately 10 days. qHD4, qHD5b, and qHD6 were 

Fig. 1. Frequency distributions of heading date (A) and low tempera-
ture germinability (B) among HRCP. The heading date is expressed by 
days from sowing to heading. Low temperature germinability is ex-
pressed by the germination rate at 15°C on sixth day after the start of 
the incubation.

Table 1. Changes of average in days to heading (DTH) and low tem-
perature germinability (LTG) during rice breeding programs in Hokkaido

Group n DTH LTG
I 11 89.4 ± 6.0 a 43.8 ± 23.9 a
II 10 93.5 ± 5.0 a 42.3 ± 17.9 a
IIIa 12 91.9 ± 4.4 a 36.8 ± 18.7 ab
IIIb  6 91.2 ± 5.3 a 17.9 ± 8.9 bc
IV 10 90.7 ± 5.0 a  7.0 ± 6.2 c
V 13 92.6 ± 3.4 a  7.8 ± 8.5 c

Different letters indicate a significant difference at P < 0.05 by the 
Tukey test.

Fig. 2. Genome-wide P values from FATESer. (A) Heading date. White and gray circles show data for the heading date in Pippu and Sapporo, 
respectively. (B) Low temperature germinability. (C) Chromosomal locations of the markers examined. Horizontal dotted bar indicates the thresh-
old of probability (0.001%).
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identified at Pippu, and allelic differences were 8.6, 4.7, and 
4.2 days, respectively. qHD10 was identified at both places, 
and the allelic difference was approximately 5 days. Hd5 
was previously shown to contribute to variations in the 
heading date among the varieties in Hokkaido (Fujino et al. 
2013). However, no significant difference was detected at 
the marker 19DEL for Hd5 at either place. In this study, 16 
varieties with the deletion allele at Hd5 as a nonfunction 
allele were used. The 16 varieties showed the wide range 
of DTH, 82.5–97.1 days. Among them, eight were common 
in the previous study. Because heading date is controlled 
by complex genetics, the genotype of heading date among 
the common varieties may be different from that of the re-
mained varieties.

Seventeen QTLs were identified for low temperature ger-
minability (Fig. 2B and Table 2). The largest allelic differ-
ence was detected at qLTG12a, 37.4 between 51.9 of allele 
A and 14.5 of allele B in an arc-sine transformation value of 
the germination rate. At other QTLs, allelic differences var-
ied from 20.6 at qLTG1a to 32.6 at qLTG12c. We previously 
reported that qLTG3-1 contributed to variations in low tem-
perature germinability among the varieties in Hokkaido 
(Fujino and Iwata 2011). A significant association was 
detected at the marker S103 for qLTG3-1, qLTG3a.

Validation of association mapping results
A linkage analysis was carried out using two F2 popula-

tions to validate the results of association mapping for the 
heading date. Two F2 populations were developed based on 
the genotypes of the six QTLs for the heading date identi-
fied in this study (Table 3). In HK F2 population, most 
plants showed similar heading dates to the parental varieties 
and a small number of late transgressive segregants were 
noted (Fig. 3A). Among the six QTLs for the heading date, 

allelic differences between the parental varieties were ob-
served at a single locus, qHD5b, (Table 3). A significant 
difference was detected at qHD5b (Table 4). The Hayayuki 

Table 3. Genotype and DTH of parental varieties for the linkage analysis

QTL qHD2 qHD4 qHD5a qHD5b qHD6 Hd5 qHD10
Chr 2 4 5 5 6 9 10

DTH Marker RM6911 RM5414 RM3160 RM1248 RM1169 19DEL RM3283
Population Parental varieties Sapporo Pippu
HK Hayayuki 85.2 89 C D G B * A A B

Kyouwa 94.6 97 B A E C A A B

NH Nanatsuboshi 95.4 92 A A H B * B * A A
Honoka224 97.1 97 E B H C A B A

* indicates alleles with a significant difference by the association analysis.

Fig. 3. Frequency distributions of the heading date in F2 populations 
derived from crosses between Hayayuki and Kyouwa (A) and between 
Nanatsuboshi and Honoka224 (B). The vertical and horizontal bars in-
dicate the mean and range of varieties, respectively.

Table 4. QTLs of the heading date in F2 populations as determined by the t-test

Combination (Parent 1/ Parent 2) Marker QTL
Mean of DTH

ProbabilityParent 1 Parent 2 Heterozygous
n Mean n Mean n Mean

Hayayuki/Kyouwa RM1248 qHD5b 20 88.9 18 93.6 39 89.5 0.0005
Nanatsuboshi/Honoka224 RM1248 qHD5b 23 101.0 23 101.8 41 98.4 0.6510

RM1169 qHD6 26 100.5 19 99.5 45 100.3 0.5890
19DEL Hd5 23 102.5 30 96.1 33 102.5 0.0000

Probability shows the difference between the mean of Parent 1 and 2 types.
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allele (88.9 days) showed an earlier heading date than that 
of the Kyouwa allele (93.6 days).

Although the parental varieties showed a similar heading 
date, a wide variation was observed from 88 to 120 days, 
including many late transgressive segregants in NH F2 pop-
ulation (Fig. 3B). Among the six QTLs for the heading date, 
allelic differences between the parental varieties were ob-
served at two loci, qHD5b and qHD6 (Table 3). No signifi-
cant differences were detected at the two loci (Table 4). 
Hd5 was examined in addition to these two QTLs because 
Nanatsuboshi and Honoka224 carry wild type and loss-of-
function type alleles at Hd5, respectively. The Honoka224 
allele at Hd5 locus expressed a significantly earlier heading 
date (96.1 days) compared with the Nanatsuboshi allele 
(102.5 days) (Table 4).

Discussion

Genomes in local populations are structured by artificial se-
lection of the genotype × environmental conditions in recur-
rent cycles of hybridizations among local populations or 
with an exotic germplasm during plant breeding programs 
(Shinada et al. 2014). These processes may generate genetic 
variations that are desirable to local populations and shape 
adaptability during the establishment of local populations 
(Fujino et al. 2015). One of the most important objectives 
in plant breeding programs is the control of adaptability to 
local environmental conditions. In the present study, we 
proposed a new approach, association mapping focusing on 
a local population, to identify the genetic bases for traits 
improved during rice breeding programs.

Plant breeding programs generate intensive selection 
pressures that focus on shaping adaptability to local envi-
ronmental conditions, cultivation methods, and market de-
mands. The establishment of local populations reflects the 
combination of pre-existing mutations widely distributed 
throughout wild rice into the local population via cultivated 
rice over the world (Fujino et al. 2015). These selections 
have restricted genetic diversity among local populations, 
establishing an ideotype for the objectives of current breed-
ing programs (Dilday 1990, Fu et al. 2003, Le Clerc et al. 
2005, Roussel et al. 2005, Yamamoto et al. 2010). This ge-
netic feature may enhance association analyses to eliminate 
the complexity of genetic bases, population structure, and 
genetic architecture of traits among the population.

Association mapping focusing on a local population in 
this study identified QTLs for heading date and low temper-
ature germinability (Table 2). Of the 17 QTLs for low tem-
perature germinability, nine were novel QTLs in this popu-
lation and eight corresponded to QTLs previously reported 
based on QTL analysis. qLTG3a in the present study was 
co-localized with the gene qLTG3-1 for low temperature 
germinability (Fujino et al. 2008). This gene is known to 
play an important role in variations in low temperature ger-
minability among the varieties in Hokkaido (Fujino and 
Iwata 2011, Fujino and Sekiguchi 2011). qLTG5 in the pres-

ent study was co-localized with QTLs for low temperature 
germinability and seed dormancy (Dong et al. 2003, Lin et 
al. 1998, Miura et al. 2001, 2002). The remaining six loci 
were co-localized with the QTLs for seed dormancy 
(Table 2). The allelic difference in qLTG3-1 between 
Nipponbare and Koshihikari may have been associated with 
differences in both seed dormancy and low temperature 
germinability (Hori et al. 2010). These results also demon-
strated the potentially close relationship between low tem-
perature germinability and seed dormancy.

Of the six QTLs for the heading date, four were novel 
QTLs and two corresponded to QTLs previously reported 
(Table 2). qHD6 in the present study was co-localized with 
the gene Hd1 for the heading date, rice orthologue 
CONSTANS (Yano et al. 2000). QTLs for the heading date 
have been identified at the same region in the population 
derived from crosses between varieties in Hokkaido (Fujino 
and Sekiguchi 2008). Furthermore, the existence of qHD5b 
for the heading date was confirmed by genetic analyses 
(Table 4). In this chromosomal region, major QTLs for the 
heading date were identified among Asian rice accessions 
(Hori et al. 2015). These results strongly indicated that the 
approach proposed in the present study, association map-
ping focusing on a local population, is suitable to detect the 
genes involved in local populations.

This approach proposed herein may identify not only 
genes for traits improved by rice breeding programs, but 
also alleles for the traits in each variety among the popula-
tion. In the present study, two populations were developed 
based on the genotype of the heading date (Table 3). qHD6 
was not confirmed by a genetic analysis and Hd5 was not 
detected in an association analysis (Tables 2, 3). Based on 
the segregation pattern, gene interactions such as epistasis 
were involved in the NH population (Fig. 3). The genotypes 
of the genes for the resulting traits indicated that association 
mapping supports screening suitable experimental materials 
for developing mapping populations.

In rice breeding programs, the selection for desirable 
traits is completed based on the evaluation of phenotypes. 
This process may generate a genetic force to change the ge-
netic compositions of local populations. Allelic frequencies 
at the loci for the heading date clearly correlated with the 
history of rice breeding programs in Hokkaido. The alleles 
B at both loci, RM1248 and RM1169 linked to qHD5b and 
qHD6, respectively, was predominant in group V (Table 5). 
Allele B at RM1248 was predominant in groups I and II, but 
all varieties in groups I and II carried allele A at RM1169. 
Although no significant difference in the average heading 
date was detected between groups (Table 1), the combina-
tions of favorable alleles in different loci in each group may 
lead to a desirable phenotype during rice breeding pro-
grams.

Many genes/QTLs for agronomic traits have been identi-
fied using GWAS in rice (Begum et al. 2015, Huang et al. 
2010, 2012, Yang et al. 2014, Zhao et al. 2011). A set of 
varieties with abundant genetic diversity were used in these 
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studies, including japonica and indica. In contrast, varieties 
that were not so rich in genetic diversity were used in the 
proposed approach, which may identify local population- 
specific genes or alleles related to elite traits. The identifica-
tion of QTLs for the traits in local populations including 
elite varieties may provide a clearer understanding of the 
genetic bases of elite traits. This is of direct relevance for 
plant breeding programs in local regions. Association map-
ping focusing on a local population proposed in the present 
study may identify genes for elite traits at a high resolution 
using high-density genetic markers such as SNPs.
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