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QTL analysis for brown spot resistance in American rice cultivar ‘Dawn’
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Rice brown spot (BS), caused by Bipolaris oryzae, causes yield loss and deterioration of grain quality. Using
single-nucleotide polymorphism (SNP) markers, we conducted quantitative trait locus (QTL) analysis of BS
resistance in backcross inbred lines (BILs) from a cross between an American rice cultivar, ‘Dawn’ (resis‐
tant), and ‘Koshihikari’ (susceptible). Four QTLs for BS resistance were detected in a three-year field evalua‐
tion, and ‘Dawn’ contributed the resistance alleles at all QTLs. The QTL with the greatest effect, qBSR6-kd,
explained 15.1% to 20.3% of the total phenotypic variation. Although disease score and days to heading
(DTH) were negatively correlated in all three years, qBSR6-kd was located near a QTL for DTH at which the
‘Dawn’ allele promoted heading. Another BS resistance QTL (qBSR3.1-kd) was unlinked to the QTLs for
DTH. Therefore, these two QTLs are likely to be useful for breeding BS-resistant varieties without delaying
heading. The other two BS resistance QTLs (qBSR3.2-kd and qBSR7-kd) were located near DTH QTLs at
which the ‘Dawn’ alleles delayed heading. The QTLs reported here will be good candidates for developing
BS-resistant cultivars.
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Introduction

Rice brown spot (BS), caused by the fungal pathogen
Bipolaris oryzae, is one of the most serious diseases of rice
worldwide. The fungus can infect rice plants from the
young seedling stage to the mature stage and causes signifi‐
cant yield loss (Sunder et al. 2014). Spread of the disease
was the main cause of the Great Bengal Famine
(Padmanabhan 1973). In Japan, the epidemic area of BS in
2018 was the third largest for any rice pathogen
(197,187 ha), after those of sheath blight (539,641 ha), and
rice blast (296,518 ha) (Japan Plant Protection Association
2019).

Recent expansion of the BS endemic area in Japan was
caused by two factors. First, the application frequency or
doses of fungicides, soil conditioners, and fertilizers have
been reduced to promote eco-friendly agriculture (Hori et
al. 2019, Yamaguchi et al. 2007). Second, the periods of
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optimal temperature for pathogen growth have been length‐
ened by climate change (Mizobuchi et al. 2016). Although
fungicide application is effective for reducing the disease,
the use of genetic resistance is the most practical way
because it allows controlling the disease with less fungicide
and lower production costs.

Several research groups, including ours, have reported
genotypic variability among rice cultivars for BS resistance
and have conducted quantitative trait locus (QTL) analyses
of BS resistance (Mizobuchi et al. 2016 and references
therein, Matsumoto et al. 2017a). Although we have recent‐
ly detected several QTLs for BS resistance, none of them
explained over 30% of the phenotypic variation in the anal‐
ysis (Matsumoto et al. 2017b, Sato et al. 2008, 2015). To
develop practical cultivars with BS resistance, it will be
essential to identify new QTLs from different resistant cul‐
tivars for gene pyramiding.

An American rice cultivar, ‘Dawn’, is highly resistant to
BS (Eruotor 1986), and we confirmed its resistance in
Japan (Matsumoto et al. 2016). The aim of this study was
to detect BS resistance QTLs and develop a BS-resistant
line in which a segment of ‘Dawn’ chromosome would be
introgressed into the genetic background of ‘Koshihikari’,
the most popular cultivar in Japan.
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Materials and Methods

Plant materials
The BS-resistant donor, Oryza sativa L. ‘Dawn’ (acc. no.

JP14671), was provided by the Gene-Bank Project of the
National Agriculture and Food Research Organization
(NARO), Tsukuba, Japan. The recurrent parent, O. sativa
L. ‘Koshihikari’, is susceptible to BS. To develop backcross
inbred lines (BILs), ‘Dawn’ was crossed with ‘Koshihikari’;
then, successive backcrossing with ‘Koshihikari’ was per‐
formed to produce 179 BC2F1 plants. Generations were
advanced by single-seed descent. A population of 179 BILs
at the BC2F5 generation was used for field evaluation in
2017, 2018, and 2019.

Fungal strain
Bipolaris oryzae strain iga-2 (MAFF245177) was used

as the inoculum. Inoculation, culture of the mycelia, and
induction of conidiophore formation under irradiation with
black-light lamps were based on the methods of Kihara and
Kumagai (1994).

Field evaluation of BS resistance and days to heading
(DTH)

In 2017, 2018, and 2019, BS resistance was evaluated for
QTL analysis in a paddy field at Mie Prefecture Agricul‐
tural Research Institute (Iga, Mie, Japan) as described by
Matsumoto et al. (2016), with two replications per year. To
induce BS development, susceptible cultivar ‘Mienoyume’
inoculated with B. oryzae 20 days after sowing by spraying
with 40 ml conidial suspension (1 × 105 conidia ml–1) was
used as a spreader. These spreader plants were planted at a
rate of three to five plants per hill, at a spacing of
30 × 30 cm among the plants. Then, each BIL and its par‐
ents were transplanted between the spreader rows. The
average value of two plants for each replicate was used as
the disease score. Plant materials were sown and trans‐
planted on May 15 and June 1, respectively, in 2017; May
12 and May 29, respectively, in 2018; and May 9 and May
30, respectively, in 2019. Disease scores using a scale from
0 (no incidence) to 9 (severe) were recorded on September
14 in 2017, September 12 in 2018, and September 19 in
2019.

In each of the three years, days to heading (DTH) was
determined using the average value of two replicates per
line. For each replicate, DTH was calculated as the number
of days between the date of sowing and the date on which
the first panicles had emerged on about 50% of the individ‐
uals (heading date).

Linkage map and QTL analysis
We extracted total DNA from the leaves of the BC2F5

plants and parental cultivars using the CTAB method
(Murray and Thompson 1980). To survey the genotypes,
single-nucleotide polymorphism (SNP) analysis was per‐

formed as described by Sato et al. (2015). SNP markers
were selected from diverse accessions of cultivated Asian
rice (Ebana et al. 2010) and genotyping was performed by
using the GoldenGate BeadArray technology platform
(Illumina Inc., San Diego, CA, USA). A total of 112 SNP
markers showing polymorphism between ‘Koshihikari’ and
‘Dawn’ were used to genotype the BILs (Supplemental
Table 1). The linkage map was constructed by using ver‐
sion 3.0 of MAPMAKER/EXP (Lander et al. 1987) and
visualized by using a Microsoft Excel macro, MapDraw
(Liu and Meng 2003). Genetic distances were calculated by
the Kosambi function. QTL analysis was performed by
using version 2.5 of Windows QTL Cartographer (Wang et
al. 2006) with the default composite interval mapping and
control parameters, standard model 6, five control markers,
a 10-cM window size, and the forward and backward
regression model. The genome-wide threshold value
(α = 0.05) was used to detect putative QTLs based on the
results of 1000 permutations. QTLs were named according
to the rice gene nomenclature system (McCouch 2008).

Results

Phenotypic evaluation of BILs and their parents
Distinct differences in BS resistance were observed

between the parental cultivars, ‘Dawn’ and ‘Koshihikari’
(Fig. 1). The mean disease scores of ‘Dawn’ over the three
years were 2.0–2.7, whereas those of ‘Koshihikari’ were
5.0–5.7 (Fig. 2). The disease scores of the BIL population
in each of the three years were normally distributed. Some
BILs exhibited transgressive segregation in both directions,
further indicating that BS resistance was a quantitative trait
(Fig. 2). Significant negative correlations between disease
scores and DTH were found in the BIL population in each
of the three years (r = –0.18, P < 0.05 in 2017; –0.45,
P < 0.001 in 2018; and –0.26, P < 0.001 in 2019). The mean
DTH of ‘Dawn’ (averaged over the three years of the
study) was 94, whereas that of ‘Koshihikari’ was 82.

QTL analysis for BS resistance
A linkage map consisting of 12 chromosomes was con‐

structed by genotyping the BILs with 112 SNP polymor‐
phic markers. The percentages of genotypes across all

Fig. 1. Brown spot lesions on the leaves of ‘Koshihikari’ (suscepti‐
ble) and ‘Dawn’ (resistant). Photos were taken on September 20,
2019.
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marker loci in the BIL population were as follows: 84.9%
homozygous for the ‘Koshihikari’ allele, 10.1% homozy‐
gous for the ‘Dawn’ allele, 4.3% heterozygous, and 0.7%
missing data. Excluding the heterozygous regions, the
genotypes fit a ratio of 7/8 (homozygous for the ‘Koshi‐
hikari’ allele): 1/8 (homozygous for the ‘Dawn’ allele), as
expected in a BC2 population. The total length of the map
was 428.9 cM, with an average distance between adjacent

Fig. 2. Frequency distribution of brown spot disease score in 179
BILs (Koshihikari*3/Dawn) in 2017, 2018, and 2019. Arrowheads in‐
dicate the mean values for the parents each year. The number below
each bin represents its midpoint; for example, bin 2.0 represents trait
values from ≥1.75 to <2.25.

markers of 4.3 cM. The genome coverage of the map was
88.5% (330.2 Mb/373.2 Mb of the O. sativa L. ‘Nippon‐
bare’ pseudomolecule, IRGSP-1.0), as estimated from the
physical position of markers at the distal end of each chro‐
mosome (Fig. 3).

Four QTLs for BS resistance (qBSR3.1-kd, qBSR3.2-kd,
qBSR6-kd, and qBSR7-kd) were identified based on the data
from 2017, 2018, and 2019 (Fig. 3, Table 1). The ‘Dawn’
alleles explained 6.2%–6.8%, 7.0%, 15.1%–20.3%, and
18.6% of total phenotypic variation, respectively. Two of
the QTLs (qBSR3.1-kd and qBSR6-kd) were detected in two
years, whereas the other two were each detected in only
one year. Among the four QTLs, qBSR6-kd gave the high‐
est percentage of variance explained (20.3% in 2017)
among the QTLs detected and was considered a major
QTL. Since significant negative correlations between dis‐
ease score and DTH were found in each of the three years,
we also mapped QTLs for DTH. Three QTLs for DTH
(qDTH3-kd, qDTH6-kd, and qDTH7-kd) were detected near
three of the QTLs for BS resistance (Fig. 3, Table 1). These
QTLs were located at the same marker interval in each of
the three years. At qDTH6-kd, the QTL allele from ‘Dawn’
promoted earlier heading, whereas the ‘Dawn’ alleles at the
other two QTLs delayed heading.

Fig. 3. Genetic linkage map of 112 SNP markers and positions of the QTLs for brown spot (BS) resistance and days to heading (DTH) detect‐
ed in 179 BILs (Koshihikari*3/Dawn). Positions (Mb) are indicated to the left of the SNP marker names according to the ‘Nipponbare’ pseudo‐
molecule (IRGSP-1.0). Ovals and arrows represent QTL positions and the size of them means one-LOD confidence intervals for BS resistance
and DTH, respectively. Up and down arrows indicate that the ‘Dawn’ alleles increase and decrease DTH, respectively.
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Discussion

Our research group reported that several cultivars from out‐
side Japan are more resistant to BS than Japanese cultivars
(Matsumoto et al. 2017a). Because BS is such a problem in
Japan, it is important that BS resistance QTLs from these
other cultivars be introduced into Japanese rice cultivars.
Little is known about major genes conferring immunity to
BS, but several cultivars including ‘Dawn’ have high quan‐
titative resistance (Eruotor 1986, Matsumoto et al. 2016).
In this study, we attempted to identify BS resistance QTLs
within a BIL population derived from a cross between
‘Dawn’ and ‘Koshihikari’.

Hori et al. (2012) reported that a large number of agro‐
nomic traits in rice are correlated with heading date, and in
previous studies we observed negative correlations of dis‐
ease score with heading date (Matsumoto et al. 2017a,
2017b). In the present study, significant negative correla‐
tions between disease score and DTH in the BIL population
were observed for three years. It is quite likely that BS
resistance in ‘Dawn’ is associated with pleiotropic effects
of genes controlling heading date.

We identified four QTLs for BS resistance on chromo‐
somes 3 (two QTLs), 6, and 7: each QTL explained 6.2% to
20.3% of the phenotypic variation (Fig. 3, Table 1). For all
four QTLs, the allele from ‘Dawn’ contributed to BS resis‐
tance. One QTL (qBSR6-kd) explained 15.1%–20.3% of the
total phenotypic variation and was linked to qDTH6-kd, at
which the ‘Dawn’ allele decreased DTH. Two QTLs on
chromosome 6 associated with BS resistance were reported
in previous studies (Dudhare et al. 2008, Katara et al.

2010), but it is difficult to compare their results with ours
because their mapping population, DNA markers, and field
evaluation of BS differed from ours. One QTL (qBSR3.1-
kd) was unlinked to any of the QTLs for DTH. The above
results indicate that qBSR6-kd and qBSR3.1-kd are likely to
be useful for breeding BS-resistant varieties without delay‐
ing heading.

In contrast, two other QTLs for BS (qBSR3.2-kd and
qBSR7-kd) were associated with QTLs for DTH (qDTH3-
kd and qDTH7-kd) at which the ‘Dawn’ alleles delayed
heading. No QTLs related to BS resistance have been
reported in these genomic regions. Further studies using
near isogenic line for these QTLs and phenotypic methods
less confounded by heading date are needed to elucidate the
relationship between BS resistance and DTH.

‘Koshihikari’, the most widely grown cultivar in Japan
and the subject of many genetic studies (Kobayashi et al.
2018), was used as the recurrent parent of the BIL popula‐
tion in this study. Thus, the BS resistance QTLs and BILs
described here will contribute to improving BS resistance
in rice breeding programs in Japan.
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Table 1. Putative QTLs for brown spot resistance and days to heading

Trait Year(s) QTL Chromo‐
some Marker intervala Physical interval (bp) LOD

score

Variance ex‐
plained of
total (%)

Additive
effectb

LOD
threshold

Brown spot
resistancec

2017 qBSR6-kd 6 FA0366–FA0370 6,088,952–8,196,056 4.9 20.3 –0.7 2.8
2018 qBSR3.1-kd 3 FA0201–FA0204 6,711,250–8,200,582 3.7 6.8 –0.4 2.7
2018 qBSR3.2-kd 3 FA0229–FA0233 25,722,435–29,085,775 3.4 7.0 –0.5 2.7
2018 qBSR7-kd 7 FA0453–FA0466 20,816,371–27,050,785 7.7 18.6 –0.6 2.7
2019 qBSR3.1-kd 3 FA0201–FA0204 6,711,250–8,200,582 2.8 6.2 –0.3 2.8
2019 qBSR6-kd 6 FA0366–FA0370 6,088,952–8,196,056 4.6 15.1 –0.6 2.8

Days to
heading

2017 qDTH3-kd 3 FA0233–FA0243 29,085,775–34,611,745 10.1 31.7 6.3 3.2
2017 qDTH6-kd 6 FA0370–FA0375 8,196,056–12,284,260 9.5 18.1 –4.8 3.2
2017 qDTH7-kd 7 FA0453–FA0466 20,816,371–27,050,785 6.1 11.7 3.1 3.2
2018 qDTH3-kd 3 FA0233–FA0243 29,085,775–34,611,745 10.3 31.8 6.4 3.2
2018 qDTH6-kd 6 FA0370–FA0375 8,196,056–12,284,260 9.9 18.3 –4.9 3.2
2018 qDTH7-kd 7 FA0453–FA0466 20,816,371–27,050,785 7.0 13.2 3.4 3.2
2019 qDTH3-kd 3 FA0233–FA0243 29,085,775–34,611,745 8.8 29.4 5.2 4.0
2019 qDTH6-kd 6 FA0370–FA0375 8,196,056–12,284,260 6.5 12.8 –3.5 4.0
2019 qDTH7-kd 7 FA0453–FA0466 20,816,371–27,050,785 5.0 10.1 2.5 4.0

a The nearest markers are underlined.
b Negative values mean that the Dawn allele decreased the trait values.
c Brown spot resistance was assessed by disease score: lower scores indicate greater resistance.
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