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QTL mapping and candidate gene analysis for
ideal plant architectures and stay green traits
in rice

JEONGHYUN LIM

ABSTRACT

Plant breeders have focused on improving plant architecture and traits as an
effective means to increase crop yield. Here, we identify the main-effect
quantitative trait loci (QTLs) for ideal plant architecture and chlorophyll
contents traits in rice (Oryza sativa L.) and find candidate genes by applying
whole genome resequencing of two parental cultivars using next generation
sequencing. To identify QTLs influencing plant shape and traits, we analyzed
13 traits: for plant architectures ; plant height, number of tiller, diameter of
panicle, length of panicle, length of flag leaf and width of flag leaf, for
chlorophyll contents traits ; 1 DCF (1 day after heading degree of chlorophyll
content of flag leaf), 1DCS (1 day after heading degree of chlorophyll content
of second leaf), 1DCFS (1 day after heading degree of chlorophyll content of
flag and second leaves), 50DCF (50 day after heading degree of chlorophyll
content of flag leaf), 50DCS (50 day after heading degree of chlorophyll
content of second leaf), 50DCFS (50 day after heading degree of chlorophyll
ii

content of flag and second leaves) and RDCFS (relative decline of chlorophyll
content of flag and second leaves). We performed QTL analysis with 178 F7
recombinant inbred lines (RILs) from a cross of japonica rice line ‘SNU-SG1’
and indica rice line ‘Milyang23’. Using 131 molecular markers, including 28
insertion/deletion markers, we identified 20 main- and 22 minor-effect QTLs
for the 13 traits with a threshold LOD value > 2.8. Our sequence analysis
identified fifty-seven candidate genes for the main-effect QTLs. By further
comparison of coding sequences and meta-expression profiles between
japonica and indica rice varieties, we finally chose 16 strong candidate genes
for the 20 main-effect QTLs. Our study shows that the whole-genome
sequence data substantially enhanced the efficiency of polymorphic marker
development for QTL fine-mapping and the identification of possible
candidate genes. This yields useful genetic resources for breeding highyielding rice cultivars with improved plant architecture and functional staygreen traits.

Keywords: agronomic trait, plant shape, functional stay green, quantitative
trait loci, rice, whole genome resequencing

Student number: 2012-30302
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INTRODUCTION

The increasing world population has spawned tremendous concerns about
impending global food shortages. Nevertheless, the per capita increase in
global food production has been greater than the increase in population since
1960, due to enormous increases in cereal crop production (Trewavas, 2001).
This dramatic increase in crop yield, known as the Green Revolution, largely
resulted from the development of genetically improved high-yielding crop
varieties (Hedden, 2003). Among the genetic approaches used to improve
yield potential, “ideal-type breeding” was used to modify plant architecture
(morphology) and traits; for example, the improved rice cultivar IR24 has more
tillers, reduced plant height and erect leaves. Rice breeders have harnessed
natural variation in cultivars to modify rice plant architecture. For example,
incorporating the recessive gene sd1 from the Chinese variety Deegeowoogen, reduced plant height (Suh and Heu, 1978), and incorporating the
photoperiod-insensitive gene se1 increased rice adaptability to a wide range
of latitudes (Sano, 1992; Tamura et al., 1998). Although these genetic
variants played an important role in the marked increase in crop production,
the demand for rice varieties with higher yield potential and greater yield
stability has continued to rise due to increasing human population and
changing global climate (Khush, 2005). Stay green phenotype that delayed
senescence during the final stage of plant development is important to
1

increasing the source strength in crop production (Yoo et al., 2007). To further
enhance the yield potential of rice over that of existing high-yielding cultivars,
crop scientists proposed an ideal plant architecture and stay green trait that
includes fewer tillers with few or no unproductive tillers, more grains per
panicle, and thick, sturdy stems (Khush, 1995; Li et al., 2012), delays leaf
yellowing and maintaining photosynthetic competence. Some of the genes
and QTLs regulating architecture-related traits have been reported. For
example, OsSPL14, which is regulated by OsmiR156, affects architecturerelated traits; a point mutation in OsSPL14 perturbs OsmiR156-mediated
regulation of OsSPL14 and generates an ‘ideal’ rice plant with fewer tillers,
increased lodging resistance and enhanced grain yield (Jiao et al., 2010).
Marathi et al. (2012) reported 19 novel QTLs and 15 QTL hotspots affecting
plant architecture, including yield related traits, using RILs developed from
Pusa1266, a semi-dwarf, high-yielding cultivar. Further work identified several
other QTLs regulating plant shape, including leaf length, leaf width, number
of tiller and panicle length (Farooq et al., 2010; Liu et al., 2010; Wang et al.,
2010; Wang et al., 2011). Modifying plant architecture for architecture-based
breeding will require identification of QTLs 76 and their causal genes in
different genetic backgrounds. QTL mapping and cloning using DNA markers
are useful tools to unlock the genetic basis of complex phenotypic variation.
Moreover, the application of molecular markers developed from QTL analysis
enhances breeding efficiency by enabling marker-assisted selection for
particular agronomic traits. However, traditional approaches for QTL analysis
2

require substantial time and labor because of the low efficiency of
polymorphic marker development for high-resolution map construction and
the difficulties of candidate gene identification. Whole-genome sequencing,
using next-generation technology can overcome these limitations of QTL
analysis. A sequencing-based genotyping method uses single nucleotide
polymorphisms (SNPs) identified by whole-genome sequencing of a mapping
population (Huang et al., 2009). This approach could substantially reduce the
amount of time and effort required for genotyping of a mapping population.
Recent work also proposed another approach, named ‘QTL-seq’, for rapid
identification of QTLs for a given phenotype. QTL-seq works by sequencing
DNAs from two populations, each composed of 20-50 individuals showing
extreme opposite trait values in segregating progenies (Takagi et al., 2013).
Although these approaches improve the time- and cost-effectiveness of QTL
mapping, approaches to increase the efficiency of candidate gene
identification have not yet been proposed. In this study, we conducted QTL
mapping for 13 traits related to plant architecture and chlorophyll traits in rice
and identified 20 main-effect and 22 minor-effect QTLs. By analysis of wholegenome sequencing data and meta-expression profiles, we identified 16
strong candidate genes for the 20 main-effect QTLs. The plant-shape and
functional stay-green QTLs and their candidate genes provide useful genetic
resources for breeding of high-yielding rice cultivars.

3

MATERIALS AND METHODS

Plant materials and growth conditions

To identify QTLs influencing plant shape in rice, we crossed a japonica
cultivar ‘SNU-SG1’ with the tongil-type cultivar Mil-yang23 with a genetic
make-up similar to indica (Yoo et al., 2007). Among 338 F7 RILs developed
from the F2 population by single seed descent, we chose 178 F7 RILs to
conduct QTL mapping; these included 40 lines showing extreme phenotypic
values for each trait. F7:8 heterogeneous inbred family-near isogenic lines (HNILs) derived from F7 RILs were used to test the allele effects of candidate
gene of plant shape-related QTLs (Tuinstra et al., 1997). In 2011, the RIL
population and two parents were evaluated at the Seoul National University
Experimental Farm in Suwon (37° N latitude), Korea. The field experiment
was conducted in a randomized complete block design with two replications
in two consecutive years (2010 and 2011) and field management followed
normal rice agronomic practices. Seeds were sown in the seed bed of the
greenhouse on April 20 and seedlings were transplanted into the paddy field
on May 19 at a spacing of 0.3 m by 0.15 m with one seedling per hill.
Compound fertilizer (21N-17P-17K) was applied in the same amount (24
kg/10a) and applied three times: before transplanting and at 7 and 10 weeks
4

after transplanting.

Evaluation of plant architecture related traits
For the phenotypic evaluation of the selected 178 F7 RILs, we measured
these agronomic traits; plant height, number of tiller, diameter of panicle,
panicle length, length of flag leaf and width of flag leaf. All of the traits were
evaluated when panicles were fully emerged. Diameter of panicle (0.5 cm
below the panicle base) was measured by a digital caliper. Plant height was
measured from the soil surface to the apex of the main stem. On the main
stem, length of flag leaf was measured from the junction of leaf blade and
sheath to the leaf apex, and width of flag leaf was measured at the widest
location of the leaf. Number of tiller was scored when the grains had matured
fully. Of all the flowered tillers of an individual plant, the longest panicle was
measured for panicle length.

Measurement of chlorophyll content : Stay green traits

The chlorophyll content of the flag and second leaves of each F7 line were

5

measured between 12:00 and 15:00, at heading and 50 day after heading
(DAH) date, with a Minolta Chlorophyll Meter SPAD-502 (Minolta, Japan), an
indirect indicator of chlorophyll content. To ensure that the measurements
were taken in the right day for the right tiller, tillers were tagged at the day
after heading. SPAD reading were investigated with three replications by
measuring three panicles per plant and at least three parts of the each leaf
for all of the stay-green traits. The degree of chlorophyll content of the flag
and second leaves measured at the day after heading were designated as
DCF and DCS, respectively, and DCFS was driven from the average of DCF
and DCS to complement the functional stay-green trait. Relative decline
chlorophyll content in the flag and second leaves was shown using the 2nd
measurements (50 day after heading) divide by 1st measurements (at
heading), designated RDCF, RDCS and RCFS, respectively. The formula
used to calculate relative decline chlorophyll content is as follows, Relative
decline chlorophyll contents in flag leaf (RDCF) = (2 M / 1M)× 100 % (1M,
SPAD value of 1st measurement; 2 M, SPAD value of 2nd measurement)

Molecular markers for genotyping

Genomic DNAs were extracted from leaf tissues by a CTAB method
(Murray and Thompson 1980). Of 131 DNA markers used for genotyping, 68
markers are RM-series simple sequence repeat (SSR) markers that were
6

designed by Temnykh et al. (2001), and 35 markers are S-series sequencetagged site (STS) markers that were designed based on the sequence
differences between japonica and indica, using information from the Crop
Molecular Breeding Lab, Seoul National University (Chin et al., 2007). The
other 28 markers are NGS-based insertion/deletion markers designed by
sequence comparison between the two parent genotypes. To develop these
markers, we investigated 7 to 11 base pairs of unique insertion/deletion (InDel)
regions by comparing whole-genome sequencing data of the two parents, and
designed primers to get PCR product (< 150 bp) containing the InDels. The
initial genetic map was constructed with SSR and STS markers, and whole
genome sequence based InDel (WID) markers were used to further map
separated regions in the linkage map.

Linkage map construction and data analysis
A molecular linkage map was constructed using Mapmaker 3.0 (Lander et
al., 1987; Lincoln et al., 1993). Distance between markers is presented in
centiMorgans (cM) using the Kosambi map function (Kosambi, 1944), and the
order of markers was established using three point linkage analyses. QTL
analysis was conducted with composite interval mapping implemented in
Qgene 4.3.10 software (Joehanes and Nelson, 2008). Significance thresholds
7

for QTL detection were determined with 1000 permutations, and the threshold
of logarithm of odds (LOD) for each QTL ranged from 2.24 to 3.03 with 95%
confidence. The QTLs explaining more than 10% of the phenotypic effect
were defined as main-effect QTLs as described previously (Wang et al., 2010).

High-throughput whole genome resequencing
High-throughput whole-genome sequencing was performed on the two
parents, SNU-SG1 and Milyang23. The Illumina Genome Analyzer II was
used to generate short reads and bases were called with the Sequence
Analysis Software of Pipeline version 1.4 of the Genome Analyzer (Illumina,
Inc., USA). Genomic DNAs were extracted using the QIAquick PCR
Purification Kit (Qiagen) from leaf tissues. Full sequencing was processed in
the National Instrumentation Center for Environmental Management (NICEM)
in Seoul National University, Seoul, Korea. The sequencing yielded 26X and
31X fold coverage, as well as 9 Gbp and 11 Gbp in read length, for SNU-SG1
and Milyang23, respectively (Table 1 and 2). Then, the 75 bp paired-end
reads of the two parents were mapped to the japonica cv. Nipponbare
reference genome, which was used as the reference sequence (International
Rice Genome Sequencing Program, 2005). Finally, the low-quality bases (Q
score in scale < 20), and sites with conflicting genotypes among reads were
8

excluded, and only the reads aligned to unique locations in the reference
genome were used for sequence construction. The total number of SNPs was
3,202,922, which include 163,933 from SNU-SG1 and 3,038,989 from
Milyang23.

9

Table 1. Information of total reads and resequencing data coverage of SNUSG1 and Milyang23 over the reference genome.
Trimmeda data

Raw data
Target genome

Coverage (X)
Read No.

Reads length

Read No.

Reads lengthb

%c

SNU-SG1

115,761,304

14,007,117,784

90,178,800

9,758,448,160

69.7

26

Milyang23

1,147,258,190 17,818,240,990

111,632,782 11,858,868,551 67.0

31

a

b

Trimming necessary to create a data file for analysis by comparison to known databases of

DNA sequences.
b

c

Unit is base-pair (bp).
Raw data reads length/ Trimmed data reads length x100%

Table 2. The profiles of whole genome resequencing of the two parents,
SNU-SG1 and Milyang23 analyzed with Nipponbare as the reference
genome.
SNU-SG1 resequencing data
Number
of Chr.

Milyang23 resequencing data

Nipponbare
Reads

Genome
a

(bp)

Number

length

of reads

(bp)b

Coverage
(X)

Number

Reads

of reads

length (bp)b

Coverag
e (X)

1

43 261 740

10 284 529

1107 933 161

25.61

11 935 581

345654426

28.96

2

35 954 743

9 137 367

976 530 820

27.16

10 176 270

302336982

29.71

3

36 192 742

8 351 861

899 751 566

24.86

10 037 792

292200125

29.11

4

35 498 469

9 107 142

977 272 852

27.53

12 072 277

430618121

35.67

5

29 737 217

6 940 309

745 809 402

25.08

8 803 794

272477424

30.95

6

30 731 886

7 363 630

791 960 702

25.77

8 601 868

252378807

29.34

7

29 644 043

6 850 936

738 136 671

24.9

7 633 219

205867916

26.97

8

28 434 780

6 831 347

736 176 454

25.89

8 491 613

266381900

31.37

9

22 696 651

5 068 564

545 173 557

24.02

5 927 914

162187727

27.36

10

22 685 906

6 292 860

678 308 589

29.9

8 808 716

360012223

40.87

11

28 386 948

6 143 634

662 267 497

23.33

6 859 901

173624094

25.31

12

27 566 993

6 818 252

734 109 024

26.63

9 291 276

328539519

35.36

89 190 431

9 758 448 160

25.87

108640221

3392279264

30.91

Total/
averagec

370 792 118

a

Nipponbare reference genome (GenBank accession-AACV000000000.1).

b

Length of the consensus sequence.

c

Total/Average: Total number except for the column of coverage and sequencing depth (X),

which are average value.
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Identification of candidate genes for the QTLs
Of the 42 QTLs, 20 main-effect QTLs with high LOD and R2 value were
used for candidate gene analysis. We identified candidate genes harboring
mutated sequences such as SNPs and InDels by the following process. First,
a reference sequence (Nipponbare) corresponding to each main-effect QTL
was transferred from the GRAMENE database (http://www.gramene.org/) into
text in Microsoft Word. The genomic region associated with each QTL was
selected by confidence interval (CI) that was determined by 1.5-LOD support
interval (Dupuis and Siegmund, 1999). 1.5-LOD support intervals give a 95%
probability of QTL location in the map and were calculated as the longest
contiguous interval in which the LOD value was within 1.5 value of its
maximum. Coding sequence regions derived from SNU-SG1 and Milyang23
were interrogated to detect mutated sequences using the AutoHotkey macro
program (http://www.autohotkey.com/).
This process has two steps. The polymorphic sequences (<15 bp)
obtained from whole genome sequencing data of the two parents are copied
and pasted into Microsoft Excel for sequence blast using AutoHotkey source
code 1 and 2 (Figure 1). Second, the sequences are blasted against
Nipponbare genome sequence to locate the genomic regions of polymorphic
sequences in Microsoft Word using Auto-Hotkey source code 3 (Figure 1).
Among the genes harboring mutated sequences, only the genes for which the
mutation caused amino acid changes were selected as candidate genes.
11

Arabidopsis orthologous gene information for the candidate QTL genes was
obtained from The Arabidopsis Information Resource (TAIR, http://www.
arabidopsis.org/).

12

Figure 1. Source codes of AutoHotkey software that was used to identify
candidate genes in the QTL regions.
Auto-Hotkey (http://www.autohotkey.com/) software was used to run
automated macro processing for mutated sequence identification in the QTL
regions. Details for source codes 1 (A), 2 (B), and 3 (C) were described in
Material and Methods.

13

Heatmap analysis or microarray data analysis
We used the information of 1150 Affymetrix array data (platform Accession
Number is GPL2025) from the NCBI gene expression omnibus (GEO,
http://www.ncbi.nlm.nih.gov/ geo/) to analyze the mRNA expression pattern
of candidate genes (Cao et al., 2012; Jung et al., 2011). From the Affymetrix
anatomical meta-expression database, we generated the log2 average
intensity data of 16 tissues/organs; callus, coleoptile, collar, leaf, flag leaf, root,
shoot, stem, internode, shoot apical meristem (SAM), panicle, anther,
stigma/ovary, palea/lemma, developing seed, and embryo. Among them, the
data for stem and palea/lemma were only available for indica, the data for
coleoptile, collar, internode, stigma/ovary and embryo were only for japonica,
and the other 9 tissues/organs have the data for both. Then, the TIGR Multiple
Experiment Viewer (MEV) software was used to prepare the Heatmap using
the anatomical expression data (Eisen et al., 1998).
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RNA extraction, reverse transcription (RT) and quantitative real-time PCR (qPCR)
Flag leaf tissues of SNU-SG1 and Milyang23 grown in paddy field were
homogenized in liquid nitrogen. Total RNA extraction and RT-qPCR were
performed as previously described (Yoo et al., 2009). Briefly, the RT products
equivalent to 50 ng of total RNA and GoTaq® qPCR Master Mix (Promega)
were used for qPCR reactions using the Light Cycler 480 (Roche) and Roche
Optical System software was to calculate threshold cycle (DCT) value. The
rice Ubiquitin gene (Os01g22490) was used as an internal control. The
primers used for qPCR are listed in Table 3.
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Table 3. Primer list used for qRT-PCR.
Product

Forward primer (5′→3′)

Reverse primer (5′→3′)

Os02g40200

GATTGAAGGGAACTATAGGG

GTCTTTTACCTGTCAGCATC

Os09g26530

CTTACCAGAGGCAGATGTTGT

AACCTGTTGTTCTCCTCTCAG

Os09g26554

GGTATTCACTGTTGGTTACA

AATACGATAGCGTCTTTGTTC

Os03g26080

ATCAGCAACTGGTAGATCAGC

ATGATCTTCGTCTTGGGCTTC

Os11g20239

CCAGTTGATGAAGGATCCAAG

GAAGAGAAGTGTGAAACCAGG

Ubiquitin

ACCACTTCGACCGCCACTACT

ACGCCTAAGCCTGCTGGTT
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RESULTS

Phenotypic variation in F7 RILs from the Milyang23 /
SNUSG1 cross

For QTL analysis of the morphological traits that determine plant
architecture and stay green traits, we used 178 F7 RILs from the cross of
Milyang23 (indica) and SNU-SG1 (japonica) (Yoo et al., 2007). We analyzed
thirteen shape-related traits and stay-green traits that critically affect lodging
and yield: plant height (PH), number of tiller (NT), diameter of panicle (DP),
length of panicle, length of flag leaf (LFL), width of flag leaf (WFL), 1 day after
heading degree of chlorophyll content of flag leaf (1DCF), 1 day after heading
degree of chlorophyll content of second leaf (1DCS), 1 day after heading
degree of chlorophyll content of flag and second leaves (1DCFS), 50 day after
heading degree of chlorophyll content of flag leaf (50DCF), 50 day after
heading degree of chlorophyll content of second leaf (50DCS), 50 day after
heading degree of chlorophyll content of flag and second leaves (50DCFS)
and relative decline chlorophyll content of flag and second leaves (RDCFS).
We measured phenotypic variation in the two parental lines and the RILs
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(Figure 2, Figure 3). Most of the traits showed approximately normal
distribution with bidirectional transgressive segregation. We also observed a
large amount of variation between the two parental cultivars for the traits,
except for plant height and number of tiller. Table 4 shows descriptive
statistics of the 13 traits. We analyzed the correlation among the traits in the
F7 RIL population (Table 5).

We observed a positive correlation between

length of flag leaf and other agronomic traits (> 29%), except for width of flag
leaf (8%). And we found a negative correlation between stay green traits and
other agronomic traits (<-34%), except for width of flag leaf (> 19%) and
diameter of panicle (>1%). We also found relatively high positive correlations
between plant height and length of panicle (64%), and between diameter of
panicle and width of flag leaf (53%), and between each stay-green traits
(>50%).
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Figure 2. Phenotypes of 13 traits in the 178 F7 RILs derived from the cross
of SNU-SG1/Milyang23. (A) Plant height, (B) Number of tiller, (C) 50 day after
chlorophyll contents variations in RIL, (D) Panicle diameter and length, (E)
width of flag leaf and (F) Length of flag leaf.
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Figure 3. Frequency distribution of the 13 traits in the 178 F7 RILs derived
from the cross of SNU-SG1/Milyang23.
The vertical axis of each figure indicates the number of F7 RILs. Means and
ranges of the parents are marked at the top of each histogram; S, SNU-SG1
and M, Milyang23.
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Table 4. Descriptive statistics of the 13 traits for the parents and F7 RILs.
Parents

F7 RIL population

SNU-SG1 Milyang23

Average

Range

SDa

Plant height (cm)

93.0

101.0

101.0

52 - 144

22.45

Panicle length (cm)

16.1

28.0

22.0

10 - 34

4.62

Panicle diameter (mm)

1.9

2.4

2.2

0.7 - 4.1

0.48

Flag leaf length (cm)

17.9

33.8

29.0

15 - 51

9.25

Flag leaf width (cm)

1.6

2.0

1.7

1.0 - 2.8

0.35

Tiller number

10.0

11.9

9.0

2 - 20

4.98

1DCF (SPAD)

49.7

42.4

44.3

31.9-56.4

9.50

1DCS (SPAD)

49.5

39.6

43.6

19.7-57.2

9.51

1DCFS (SPAD)

49.6

41.1

44.0

26.3-55.8

9.37

50DCF (SPAD)

34.6

13.4

26.2

1.8-54.9

12.9

50DCS (SPAD)

35.3

12.9

23.4

1.9-55.7

12.1

50DCFS (SPAD)

35.1

13.1

24.9

4-55.3

12.1

RDCFS (SPAD)

0.71

0.32

0.56

0.10-0.94

0.23

Trait

a

Standard deviation.
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Table 5. Correlations of the 13 traits analyzed in the F7 recombinant inbred lines.
.
PH

LP

LFL

WFL

DP

NT

1DCF

1DCS

1DCFS

50DCF

50DCS

50D
CFs

LP

0.64**

LFL

0.29**

0.31**

WFL

-0.02

0.02

0.08

DP

0.11

0.16

0.20*

0.53**

NT

0.32**

0.07

0.37**

-0.06

-0.19*

1DCF

-0.46**

-0.40**

-0.49**

0.28**

0.21**

0.02

1DCS

-0.40**

-0.34**

-0.38**

0.36**

0.16

0.00

0.81**

1DCFS

-0.45**

-0.39**

-0.47**

0.32**

0.17

0.01

0.95**

0.96**

50DCF

-0.42**

-0.35**

-0.59**

0.19*

0.06

0.04

0.55**

0.50**

0.56**

50DCS

-0.42**

-0.35**

-0.46**

0.22**

0.08

0.15

0.56**

0.52**

0.57**

0.85**

50DCFS

-0.45**

-0.37**

-0.54**

0.19*

0.04

0.10

0.57**

0.54**

0.59**

0.97**

0.96**

RDCFS

-0.37**

-0.30**

-0.46**

0.13

0.01

0.04

0.38**

0.35**

0.39**

0.95**

0.92**

0.97**

0.47

0.35

0.18

0.04

0.12

0.51

-0.24

-0.27

-0.27

-0.31

-0.37

-0.36

YPa

Significance level: ** P < 0.001, * < 0.01.
a

Yield per plant
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RD
CFS

-0.33

Linkage map construction

A coarse-scale linkage map was initially constructed over the whole rice
genome using 178 F7 RILs and 68 SSR and 35 STS markers. To construct
linkage map for the separated regions in the initial map, we designed 28 nextgeneration based InDel markers using the whole-genome sequencing data.
We used Mapmaker 3.0 to construct the genetic linkage map, which consisted
of 10 linkage groups and covered 2,451 cM (Figure 4). The average distance
between adjacent markers was 14.5 cM, which is less than 20 cM, the minimal
compulsory level for QTL mapping (Lander and Botstein, 1989). To identify
QTLs, we used a LOD threshold value and phenotypic effect (R2) (see
“Materials and Methods”). As a result, we identified a total of 42 QTLs for the
13 traits, with 7.1 to 33.5% phenotypic effect (R2) and 2.9 to 15.8 LOD values,
across all the chromosomes except chromosomes 7 and 12 (Table 6).
Thus, chromosomes 7 and 12 were excluded from Figure 4, because they
did not carry any significant QTL above the threshold. A QTL with highest LOD
(15.8) and phenotypic effect (33.5%) was detected for plant height on the long
arm of chromosome 1 (Table 6; Figure 4). Overall, we detected 3 to 6 QTLs
for each plant shape and functional stay green trait. Of the 42 QTLs, 20 QTLs
explained more than 10% of the phenotypic effect and were defined as the
main-effect QTLs, which include Lfl4 for length of flag leaf, Wfl5 and Wfl9 for
width of flag leaf, Lp1 and Lp9 for length of panicle, Ph1, Ph3 and Ph9 for
23

Figure 4. Chromosomal locations of QTLs detected by Q-genes in the F7
RIL population of SNU-SG1/Milyang23.
Chromosomes are numbered at the top and markers are listed on the right of each
chromosome. Diagonal line marks in chromosome 4 represent the separated
region. Various geometric figures indicate the location of peak LODs of the 13
agronomic traits. Chromosome 12 are not shown because QTL were not detected
on them.
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plant height, and Nt2, Nt11-1 and Nt11-2 for number of tiller, 1Dcf5 and 1Dcf9
for 1 day after heading degree of chlorophyll content of flag leaf, 1Dcs5 and
1Dcs9 for 1 day after heading degree of chlorophyll content of second leaf,
1Dcfs5 and 1Dcfs9 for 1 day after heading degree of chlorophyll content of
flag and second leaves, 50Dcf9 for 50 day after heading degree of chlorophyll
content of flag leaf, 50Dcs9 for 50 day after heading degree of chlorophyll
content of second leaf, 50Dcfs9 for 50 day after heading degree of chlorophyll
content of flag and second leaves (Table 6). Especially, five QTLs (Pl9, Ph1
1Dcs5, 1Dcfs5 and Nt2) explained more than 15% of the phenotypic effect,
suggesting that these genetic materials provide a valuable resource for the
identification of major genes affecting plant architecture. QTL hotspots,
genomic locations associated with multiple traits, may harbor critical
regulators of various agronomic traits (Neto et al., 2012).
Three QTL hotspots were identified on chromosomes 4, 5 and 9 (red
blocks in Figure 4). One, in a window of around 8 cM on the long arm of
chromosome 9, harbors nine main-effect QTLs (Wfl9, Ph9, Lp9, 1Dcf9, 1Dcs9,
1Dcfs9, 50Dcf9, 50Dcs9, and 50Dcfs9 for width of flag leaf, panicle height,
length of panicle, 1 day after heading degree of chlorophyll content of flag leaf,
1 day after heading degree of chlorophyll content of second leaf, 1Dcfs9 for
1 day after heading degree of chlorophyll content of flag and second leaves,
50 day after heading degree of chlorophyll content of flag leaf, 50 day after
heading degree of chlorophyll content of second leaf, 50 Dcfs9 for 1 day after
heading degree of chlorophyll content of flag and second leaves, respectively)
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and two minor-effect QTLs (Dp9 and Lfl9 for diameter of panicle and length
of flag leaf) (Figure 4). Another, in a window of around 15 cM on chromosome
5, carries four QTLs, including three main-effect QTL (1Dcs, 50Dcs and
50Dcfs for 1 day after heading degree of chlorophyll content of second leaf,
50 day after heading degree of chlorophyll content of second leaf and 50 day
after heading degree of chlorophyll content of flag and second leaves) and
one minor-effect QTLs (Lfl5 for length flag leaf) (Figure 4). The other, in a
window of around 5 cM on chromosome 4, carries three QTLs, including one
main-effect QTL (Lfl4 for length of flag leaf) and two minor-effect QTLs (Wfl4
for width of flag leaf and Nt4 for number of tiller) (Figure 4). To compare the
physical locations of the QTLs identified in this study and previously reported
QTLs, we searched the literature for cases in which mapping populations
derived from the crosses of indica and japonica cultivars were used for QTL
identification.
By using flanking DNA markers, we compared the physical locations
between the QTLs in the current study and the previously published QTLs.
Among 42 QTLs identified in this study, 14 QTLs were in accord with the
chromosomal regions carrying the published QTLs (Table 7). The remaining
28 QTLs did not overlap with the published QTLs, indicating that these are
potentially novel QTLs for the traits. Notably, the QTLs for diameter of panicle
and stay-green are all newly discovered. Among the new 28 QTLs, 9 QTLs
are the main-effect QTLs with above 10% of phenotypic effect, including
1Dcf5, 1Dcs5, 1Dcfs5, Lfl4, Wfl5, Lp9, Ph3, Nt11-1 and Nt11-2 (Table 6).
26

Table 6. QTL identification for the 13 agronomic traits by composite interval
mapping using 178 F7 recombinant inbred lines.
LOD

LOD
peak
(cM)

5.69
4,35

192.6
127.2

1 Degree of chlorophyll content of second leaf
1Dcs5
5
RM421-RM480
-3.07
6.11
1Dcs9
9
S9058.3- RM7175 2.07
4.51

QTL

Chr.a

Markerb

Ac

R2 d
(%)

95% CIe
(cM)

Perf

14.1
11.3

168.3-206.2
118.6-159.6

2.99
3.03

190.8
136.6

15.2
11.7

164.3-203.8
115.8-153.7

2.89
2.92

1 Degree of chlorophyll content of flag leaf
1Dcf5
1Dcf9

5
9

RM421-RM480
RM3700-S9058.3

-2.94
1.81

1 Degree of chlorophyll content of flag and second leaf
1Dcfs5
1Dcfs9

5
9

RM421-RM480
S9058.3- RM7175

-3.01
2.01

6.52
4.88

191.8
137.5

16.5
12.0

167.1-204.3
121.8-155.0

2.69
2.83

50 Degree of chlorophyll content of flag leaf
50Dcf5
5
RM440-RM421
-5.20
50Dcf9
9
S9058.3-RM7175
4.44
50Dcf10
10 RM467-RM272
-4.36

3.78
3.97
3.43

175.5
137.3
19.3

9.2
10.7
9.8

157.2-202.0
108.4-164.1
1.7-36.2

2.74
2.76
2.87

50 Degree of chlorophyll content of second leaf
50Dcs5
5
RM421
-3.64
3.15
50Dcs9
9
S9058.3-RM7175
4.14
3.93

184.2
137.3

8.7
10.1

158.1-204.0
109.2-158.3

2.77
2.71

50 Degree of chlorophyll content of flag and second leaf
50Dcfs5
50Dcfs9

5
9

RM440-RM421
S9058.3-RM7175

-4.45
4.30

3.71
4.28

177.3
137.3

9.5
11.8

158.6-202.0
110.6-154.4

2.76
2.87

Diameter of panicle
Dp3
Dp6
Dp8
Dp9
Dp11

3
6
8
9
11

RM489
S6065.8-S6066.8
S803.6-RM38
RM3700-RM7175
RM229-RM206

0.14
-0.19
-0.14
0.13
0.12

3.75
2.96
2.87
3.65
2.91

54.9
42.5
2.8
143
94.9

9.2
7.4
7.1
8.8
7.2

45.4-63.3
25.9-70.4
0.1-12.1
133.3-153.1
78.5-112.1

3.03
2.60
2.38
2.72
2.63

Plant height
Ph1
Ph3
Ph6
Ph9

1
3
6
9

N1368-RM472
RM282- S3065.4
N6255-S6279.1
RM7175

14.79
-7.21
-6.73
-8.30

15.8
4.45
4.03
5.68

222.7
130.6
106
143.4

33.5
10.9
9.9
13.7

217.5-226.8
128.5-143.4
85.1-125.5
130.1-151.9

2.38
2.45
2.36
2.39

2.08
2.43
-2.64

4.35
3.04
3.68

202.7
181.8
141.8

10.7
7.6
9.1

190.-218.3
2.49
166.2-199.7 2.26
119.6-153
2.42
Continue next page

Length of flag leaf
Lfl4
4
RM255
Lfl5
5
RM421-RM480
Lfl9
9
RM7175
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Table 6. QTL identification for the 13 agronomic traits by composite interval
mapping using 178 F7 recombinant inbred lines.
QTL

Chr.a

Markerb

Ac

LOD

LOD
peak
(cM)

N1368-RM472
RM517-RM7
S30120-N3300
RM349
S9058.3-RM7175
RM311-RM467

1.43
-1.16
-1.17
0.39
-2.39
0.79

4.31
3.53
2.88
3.34
9.60
3.15

224.6
113.0
218.4
269.3
136.1
9.7

N2230.1-RM263
RM255-N4336
RM3
S9034.4-S9040B
RM202-S11055.9
RM229

1.45
-1.30
0.74
0.37
-1.18
-1.22

6.33
3.36
3.79
3.01
4.33
5.61

RM303-RM255
RM146-RM440
S9058.3

0.12
-0.13
0.08

3.47
4.21
4.12

R2 d
(%)

95% CIe
(cM)

Perf

10.5
8.7
7.2
8.3
22.0
7.8

217.9-229.9
91.8-140.9
210.3-263.3
244.4-269.3
119.8-142.7
0.1-33.6

2.58
2.58
2.58
2.56
2.37
2.24

184.7
212.6
51.1
76.1
48.7
94.3

15.3
8.4
9.4
7.6
10.7
13.7

163.3-199.6
184-232.1
43.2-51.3
56.2-78.1
26.8-74.3
91.2-104.2

2.49
2.85
2.64
2.57
2.45
2.45

195.3
145.5
131.9

8.6
10.3
10.1

174.7-218.1
128.5-171.1
1195-132

2.62
2.28
2.61

8.3
8.8

105.4-159.7
105.4-158.7

2.83
2.83

Length of panicle
Lp1
Lp3-1
Lp3-2
Lp4
Lp9
Lp10

1
3
3
4
9
10

Number of tiller
Nt2
Nt4
Nt6
Nt9
Nt11-1
Nt11-2

2
4
6
9
11
11

Width of flag leaf
Wfl4
Wfl5
Wfl9

4
5
9

Relative degree of chlorophyll content of flag and second leaf
Rdsfs9-1 9
RM566
0.07
3.01 122.2
Rdcfs9-2 9
S9058.3-RM7175
0.07
3.17 137.4
a, b
c

Chromosome number and marker intervals.

Positive and negative values indicate additive effects contributed by SNU-SG1

and Milyang23 alleles, respectively.
d

Phenotype variation explained by the detected QTL.

e

95% confidence interval for the detected QTL; cM represents centiMorgans.

f

LOD thresholds raised by permutation tests, p = 0.05
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Table 7. Comparison of the QTLs identified in current and previous studies using the mapping populations derived
from crosses of indica and japonica cultivars.
QTL of this study

QTL of previous studies

Ph1c

Physical
Position(MB)
36.8-39.6

Ph6

25.5-27.9

Ph9

16.8-18.1

Lfl5

23.9-27.3

Lfl9

15.9-16.8

qFLL-5
QFll5
qFll9

Lp1
Lp4

36.8-39.6
32.4

qPL-1
QPl4b

RM472–RM104
RM349-RM280

37.8-40.1
32.4-34.9

RIL
BC2F5

187
59

IRAT109 (J)/Zheshan97B (I)
Tarome Molaei (J)/IR64 (I),

Liu et al., (2008)
Ahamadi et al., (2008)

Nt2

23.0-25.8

Nt4

30.7-33.6

Nt6
Nt9

19.4
10.5-12.6

Tln2-2
tp2b
qTLN4
Tln 4-3
pn6
Tln9

RM526–RM425
RM561-RM6318
RM303-RM349
RG143-RG620
S6070
RM105–RM278

26.6-32.2
19.8-24.4
27.5-32.4
34.2-34.6
20.1
12.5-19.3

SSSL
BCRIL
RIL-F11
DHd
F2
SSSL

78
244
254
123
146
91

IAPAR9 (J)/Hua-Jing-Xian74 (I)
Zhenshan97B (I)/9311(I)
Xiushui 79 (J)/C Bao(J)
Azucena (J)/IR64(I)
Junambyeo (J)/IR71033(I)
Hua-Jing-Xian74 (I)/Amol3(I)

Liu et al., (2012)
Zhen et al., (2012)
Jiang et al., (2012)
Yan et al., (1998)
Rahman et al., (2008)
Liu et al., (2012)

15.6-16.3
15.9-16.7

DHd
DHd

190
135

Zhenshan97 (I)/Wuyujing (J)
IR36 (I)/Nekken-2 (J)

Jiang et l., (2004)
Farouk et al., (2005)

QTL

RDCFS 15.4-15.9

Wfl4

QTL

Marker region

QTLph1
Qph1.2
Qph6.2
Qph6f
Qph9

C86-C742
E60551-RM1387
RM3879-RM340
RM162-RM30
RM3912-RM278

Physical
position (Mb)
39.5-42.7
35.0-40.5
25.9-28.5
24.0-27.3
10.8-27.1

BIN
RM480-RM334
RM24424-RM24434

Rdgf9
MRG2533-RM257
qCCAJ-9 RM242-RM553

PTa

PSb

BIL
F2
F2
RIL
F2

98
301
301
226
301

Mapping parents
japonica (J)/indica (I)
Nippnbare (J)/Kasalath (I)
Nipponbare (J)/IR1545-339 (I)
Nipponbare (J)/IR1545-339 (I)
Zhonghui9308 (IxJ)/Xieqin.B (I)
Nipponbare (J)/IR1545-339 (I)

27.8-28.6
27.5-28.6
16.2-16.5

RIL
RIL
F2

150
180
176

Nippnbare (J)/9311(I)
IRAT109 (J)/Zhenshan 97(I)
SN265 (J)/LTH(J)

Wang et al., (2010)
Yue et al., (2006)
Jiang (2010)

Reference
Ishimaru et al., (2004)
Lin et al., (2011)
Lin et al., (2011)
Liang et al., (2011)
Lin et al., (2011)

qFlw4
RM17483-RM17486 31.0-31.2 RIL F7
190 D50 (J)/HB277(I)
Chen et al., (2012)
Qflw4
RM255-RM349
28.5-31.6 RIL F10 180 IRAT109 (J)/Zhenshan97(I)
Bing et al., (2006)
Wfl9
15.9 qFLA9
RM6839B-RM257
14.5-17.9 BRIL
244 9311 (I)/Zhenshan97B(I)
Wang et al., (2012)
a PT : population type, b PS : population size, c Numbers at the end of QTL represent chromosome number, d DH : double haploid population.
28.5-30.7
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Sequencing analysis for candidate gene identification

We carried out whole-genome sequencing of the two parent cultivars,
SNU-SG1 and Milyang23, to obtain a cultivar-specific nucleotide polymorphism data set (see “Materials and Methods”). The polymorphic
nucleotide sequences, including In-Dels, were obtained by comparing the
whole genome sequences of SNU-SG1 and Milyang23 with the reference
Nipponbare sequence using Pipeline version 1.4 (see “Materials and
Methods”). In the 20 main QTL region, of the total 363,845 SNPs identified by
comparing with the reference sequence, 330,317 were identified from
Milyang23, and 33,528 from SNU-SG1. Sequence variation between indicaand japonica-type subspecies contributed to the large number of SNPs in
Milyang23. For identification of candidate genes associated with the QTLs,
we analyzed all the SNPs (including In-Dels) derived from SNU-SG1, but only
In-Dels capable of impairing protein function were considered for Milyang 23
to filter out non-causal subspecies sequence variation between indica and
japonica genomes.
To perform candidate gene analysis for 20 main-effect QTLs, we analyzed
the genomic region that was selected based on confidence interval for each
QTL peak (Table 6). Confidence intervals were determined by 1.5-LOD
support interval, which provides a QTL coverage probability of approximately
95% (Dupuis and Siegmund, 1999). The confidence intervals of the QTLs
30

detected in the integrated map using composite interval mapping are given in
Table 6. We determined the specific locations of polymorphic sequences in
the individual genes by BLAST to the Nipponbare reference sequence. By
these coding sequence analyses, we identified 57 genes with 656 nucleotide
sequence polymorphisms in their open reading frames within the 20 maineffect QTL regions (data not shown). Among them, only the 308 SNPs that
caused amino acid variation were considered as candidate genes. Thus, by
analysis of the whole genome sequencing data, we isolated 57 candidate
genes carrying at least one amino acid polymorphism for the 13 traits (Table
8).
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Table 8. List of 57 candidate genes for the 20 main-effect QTLs.
QTL

Gene ID

Protein

Description

Lp1, Ph1

Os01g63854.1

Lp1, Ph1

Os01g64910.1

Lp1, Ph1

Os01g66170.1

V331M
3`UTR
deletion
frame shift

transmembrane amino acid transporter protein, putative
UDP-glucuronosyl/UDP-glucosyltransferase family
protein
SNARE associated Golgi protein, putative, expressed

Type

Lp1, Ph1

Os01g67540.1

K557E

AMP-binding domain containing protein, expressed

Lp1, Ph1

Os01g68510.1

L133&a

Tln2

Os02g39790.1

T343S

Nt2

Os02g40100.1

Q387&

Nt2

Os02g40130.1

P27T

Nt2

Os02g40180.1

T19V

Nt2

Os02g40190.1

S100&

Nt2

Os02g40200.1

Q485&

Nt2

Os02g40240.1

L675&

Nt2

Os02g40260.1

N59D

Nt2

Os02g40280.1

G273&

peptide transporter PTR2, putative, expressed
CPuORF9 - conserved peptide uORF-containing
transcript, expressed
plant protein of unknown function DUF869 domain
containing protein
leucine-rich, putative, expressed
receptor-like protein kinase 5 precursor, putative,
expressed
receptor kinase, putative
receptor-like protein kinase precursor, putative,
expressed
receptor-like protein kinase precursor, putative,
expressed
uncharacterized protein At4g06744 precursor, putative,
expressed
piwi domain containing protein, putative, expressed

Nt2

Os02g40430.1

A1142T

Nt2

Os02g40450.1

L1049Q

Nt2

Os02g40510.1

L226P

Nt2

Os02g40770.1

A45V

Nt2

Os02g40830.1

S365T

Nt2

Os02g41450.1

T52M

HEAT repeat family protein(NOVEL)
DEAD/DEAH box helicase domain containing protein,
expressed
response regulator receiver domain containing protein,
expressed
SET domain containing protein, expressed
succinyl-CoA ligase beta-chain, mitochondrial
precursor, putative
no apical meristem protein, putative

Nt2

Os02g41610.1

N643&

expressed protein, Coiled coil

Nt2

Os02g41760.1

P93L

NB-ARC domain containing protein, expressed

Ph3

Os03g21310

T178A

C-terminal catalytic domain containing protein

Ph3

Os03g21450

P547A

bromodomain domain containing protein, expressed S

Ph3

Os03g21470

V6A

ribosomal protein, putative, expressed

Ph3

Os03g21850.1

S663L

nucleotidyltransferase, putative, expressed

Ph3

Os03g22530

A94T

glycosyl hydrolases family 17, putative

Ph3

Os03g24690

G62&

terpene synthase, putative, expressed

Ph3

Os03g25660

S82G

expressed protein

Ph3

Os03g25670

K428R

hypothetical protein

Ph3

Os03g25970

Y457C

KH domain-containing protein, putative, expressed

Ph3

Os03g26080

R258H

nucleoside-triphosphatase, putative, expressed

Ph3

Os03g26220

S193I

expressed protein

Ph3

Os03g26229

A19V

40S ribosomal protein S9-1, putative, expressed

Ph3

Os03g26260

R29H

NB-ARC domain containing protein

Ph3

Os03g26360

R141S

expressed protein

Sb

S

S, Ec
S, E
S, E

S

S

E

Continue next page
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Table 8. List of 57 candidate genes for the 20 main-effect QTLs.
QTL

Gene ID

Protein

Description

Lfl4

Os04g51300

A86T

peroxidase precursor, putative, expressed

Lfl4

Os04g51440

A474G

villin protein, putative, expressed

Lfl4

Os04g51450

L35&

glycosyl hydrolases family 16, putative, expressed

Lfl4

Os04g52550

V82G

PAZ domain-containing protein, putative, expressed

Lfl4

Os04g52810

P222T

no apical meristem protein, putative, expressed

Lfl4

Os04g52880

S202R

expressed protein,POA_allergen_C, Antifreeze_

Lfl4

Os04g52890

K131N

ATBAG1, putative, expressed

Lfl4

Os04g53120

>6 a.a.

NB-ARC domain containing protein, expressed

Lfl4

Os04g53160

>6 a.a.

Lfl4

Os04g53530

I38N

expressed protein, ARM-type_fold(353-512)

Wfl5

Os05g31230.2

2 a.a.

N-acetyltransferase ESCO1, putative, expressed

Wfl5

Os05g33220.1

A25S

Wfl5

Os05g34520.1

G2E

Os05g34380

A491V

Os05g39540

Y231&

Zinc/iron permease family protein.

Os05g48270

R227Q

DOMON related domain containing protein.

Os09g26530

L192S

expressed protein / Ser/Cys_Pept_Trypsin-like

E

Os09g26554

C58F

expressed protein / Ser/Cys_Pept_Trypsin-like

E

1Dcf, 1Dcs,
1Dcfs,
50Dcf,

Type

S

NBS-LRR disease resistance protein, putative,
expressed

S

AWPM-19-like membrane family protein, putative,
expressed
ulp1 protease family protein, putative

(CYPLI) (P450-LIA1) (Obtusifoliol 14-alpha
demethylase
S

50Dcs,
50Dcfs

Wfl9, Ph9,
Pl9, 1Dcs,
1Dcf, 1Dcfs,
50Dcf,50Dcs
, 50Dcfs,
Rdcfs
Continue next page
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Table 8. List of 57 candidate genes for the 20 main-effect QTLs.
QTL

Gene ID

Protein

Description

Nt11-1

Os11g17290

W826&

rCYSP1 expressoin protein.

Nt11-1

Os11g18194.1

D560&

cycloartenol synthase, putative, expressed

Nt11-1

Os11g20239.1

&874K

similar proline-rich glycoprotein DZ-HRGP
precursor

Type

S
E

Of the 57 candidate genes, strong candidate genes were marked in bold.
a

& represents stop codon.

b

S represents the strong candidate genes identified by sequence analysis.

c

E represents the strong candidate genes identified by meta-expression profile analysis.
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Strong candidate genes for the main-effect QTLs

Among the 57 candidate genes for 20 main-effect QTLs, we further
isolated strong candidate genes by analyzing their amino acid sequences and
meta-expression profiles. First, by protein coding sequence analysis, we
selected 12 genes as strong candidates, because they harbor potential
causal SNPs leading to a premature stop codon or frameshift in their amino
acid sequences (Table 9). These 12 strong candidate genes included
candidates for all agronomic traits examined, except for diameter of panicle
and relative degree of chlorophyll content with one to seven genes for each
trait. These included single genes for length of panicle, plant height, width of
flag leaf and 1Dcf, 1Dcs, 1Dcfs, 50Dcf, 50Dcs, 50Dcfs, two genes for length
of flag leaf, and seven genes for number of tiller (Table 9). One candidate
gene (Os01g68510), encoding peptide transporter 2 (PTR2), was identified
for two QTLs related to panicle length and plant height on the distal part of
chromosome 1 (Table 9). The largest effect QTL Ph1 for plant height was also
detected with 33.5% R2 value in this location on chromosome 1 (Table 6).
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Table 9. List of 12 strong candidate genes for the main-effect QTLs
obtained by sequence analysis of whole genome resequencing data for the
two parent cultivars, Milyang23 (indica) and SNU-SG1 (japonica).
QTL
Lp1,
Ph1

Typea

Gene ID

Mutationb

Description

M23

Os01g68510

133/601

Peptide transporter PTR2
DUF869 domain

Nt2

SNU

Os02g40100

398/791

Nt2

SNU

Os02g40190

33/240

Nt2

SNU

Os02g40200

485/1033

Nt2

SNU

Os02g40240

675/1002

Nt2

SNU

Os02g40280

273/370

containing protein
Receptor kinase
Receptor-like protein
kinase precursor
Receptor-like protein
kinase precursor

SNU

Os02g41610

642/745

Lfl4

SNU

Os04g51450

35/331

Lfl4

SNU

Os04g53120

6 A.S.

Lfl5

SNU

Os05g31230

5 A.S.

1Dcf5,
1Dcs5,
1Dcfs5,
50Dcf5,
50Dcs5,
50Dcfs5

SNU

Os05g39540

693/1250

Nt11-1

M23

Os11g18194

560/761

(NRT1.7)
AT2G23360
-

AT1G69440

protein

(AGO7)

coil

-

Glycosyl hydrolases

AT2G18800

family 16

(XTH21)

XA1, NB-ARC domain
containing protein
N-acetyl transferase
ESCO1

-

AT4G31400

Zinc/iron permease family

AT3G12750

protein

(ZIP1)

Cycloartenol synthase

a

AT1G69870

Piwi domain containing

Expressed protein, Coiled

Nt2

Orthologc

AT2G07050
(CAS1)

Parent type harboring mutant alleles, which were determined by sequence comparison with
reference genome japonica cv. Nipponbare.
b The position of amino acid in which premature stop codon occurred/total protein length,
A.S. amino acid substitutions.
c Accession number of Arabidopsis orthologs were obtained from The Arabidopsis
Information Resource (TAIR, http://www.arabidopsis.org/).
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Meanwhile, QTL effect can be also caused by differences in gene
expression between alleles due to mutations in regulatory regions including
promoters and introns (Meuwissen, 2010). Thus, we next analyzed metaexpression profiles of the 57 candidate genes using Affymetrix array data
(Figure 5), which provide the indica or japonica-specific gene expression (Cao
et al., 2012; Jung et al., 2011). As we used the indica (Milyang23) and
japonica (SNU-SG1) cultivars to create the QTL mapping population, the
genes expressed differentially in the indica and japonica rice cultivars would
be considered as 57 candidates for the corresponding traits (Figure 5). By
Heatmap analysis, we found that seven genes are differentially expressed in
at least one tissue type with more than two-fold differences between indica
and japonica (Table 10). Interestingly, all the probes corresponding to the
seven genes were expressed preferentially in the flag leaves of japonica rice.
To test whether these genes are differentially expressed in SNU-SG1 and
Milyang23, we performed RT-qPCR analysis using flag leaves. Of the seven
genes, five genes were preferentially expressed in SNU-SG1 with more than
two-fold difference compared to Milyang23 (Figure 6), in accordance with
meta-expression profile. However, we failed to amplify the other two genes
(Os02g40190 and Os02g40240), possibly due to very low transcript
abundance. This result strongly supports the idea that at least five genes
identified by meta-expression profile analysis are strong candidate genes for
the corresponding QTLs. Notably, three genes (Os02g40190, Os02g40200
and Os02g40240) for Nt2 were identified as strong candidates by both coding
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sequence and meta-expression analyses, and encode known receptor like
protein kinase precursors (Tables 9 and 10). Thus, taken together our data
provide a total of 16 strong candidate genes by two different analyses.
We further investigated the orthologs of these candidate genes in
Arabidopsis thaliana, using Gramene (http://www.gramene.org/) and TAIR
(http://www.arabidopsis.org/) databases. We found Seven Arabidopsis
orthologs in which four genes have been functionally characterized (Table 9).
In Lp1/Ph1 QTL, At1g69870 encodes a low affinity nitrate transporter
(NRT1.7), which functions in nitrate remobilization in leaf (Fan et al., 2009).
In Nt2 QTL, At1g69440 encodes ARGONAUTE 7, a member of the
ARGONAUTE family, which functions in the regulation of developmental
timing (Adenot et al., 2006). In Lfl4 QTL, At2g18800 encodes Xyloglucan
endotrans glycosylase / hydrolases (XTHs) which functions in carbohydrate
metabolism (Paul and Janet, 1999). In Nt11-1 QTL, Os (Asami and Yoshida,
1999). This identification of promising candidate genes provides useful
genetic resources for the further isolation of the causal gene associated with
each QTL.
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Table 10. Seven strong candidate genes for the main-effect QTLs obtained
by expression profile analysis of Affymetrix array data.
Log2 fold change (japonica/indica)c
Gene IDa

Os09g26530

QTL
Nameb
Wfl9,

Description

Ph9,

Ser/Cys_Pept_Trypsin

Lp9

-like

Flag
leaf

Roo
t

Shoo
t

SAM
d

Panicl
e

Anthe
r

2.9

2.3

1.6

2.6

2.4

2.1

3.4

2.5

2.0

3.0

3.2

3.5

2.3

1.1

1.0

1.3

1.1

1.0

2.3

2.0

2.3

2.8

1.9

2.0

2.4

1.1

1.9

0.8

0.7

1.1

2.4

1.4

2.3

2.1

0.9

0.8

4.4

1.9

2.9

1.0

1.5

1.5

Wfl9,

Os09g26554

Lp9,

Ser/Cys_Pept_Trypsin

Lp9

-like
Nucleoside

Os03g26080

Ph3

triphosphatase
Hydroxyproline-rich

Os11g20239

Nt11-1

glycoprotein
DZ-HRGP precursor

Os02g40190

Nt2

Receptor kinase
Receptor-like protein

Os02g40200

Nt2

kinase precursor
Receptor-like protein

Os02g40240
a

Nt2

kinase precursor

Locus identifier (ID) annotated by Rice Genome Annotation Project

(http://rice.plantbiology.msu.edu/) team.
b

QTL name queried from Gramene QTL database (www.gramene.org/qtl/).

c

Log2 fold change of japonica/indica in Affymetrix anatomical meta-expression profile

d

SAM represents shoot apical meristem
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Figure 5. Heatmap analysis of candidate genes in japonica and indica
samples from meta-expression profile.
Average log2 intensity data in 16 tissues/organs of 57 candidate genes
presented in Table 6 were used for Heatmap analysis. Black bars on the top
of Heatmap indicate indica sample; red bars indicate japonica sample;
yellow color in Heatmap indicates high levels of gene expression; and

blue color indicates low levels of gene expression.
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Figure 6. Expression profiles of the strong candidate genes identified by
meta-expression profile analysis.
RT-qPCR analysis was performed using total RNAs extracted from the flag
leaves of SNU-SG1 and Milyang23 plants after 10 days after heading in the
paddy field. Relative gene expression in Milyang23 was determined by
dividing by the expression level of each gene in SNU-SG1. Mean and
standard deviation values were obtained from three independent samples.
This experiment was conducted twice with similar results.
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Validation of QTL regions using H-NILs

To further validate the QTL regions associated with 16 strong candidate
genes, we developed H-NILs that segregate for the phenotypes of the
corresponding traits (Tuinstra et al., 1997). The genotypic and phenotypic
analyses of the progeny H-NILs allow identification of the candidate genes
underlying QTLs (Routaboul et al., 2012). In 178 F7 RILs, we selected
heterogeneous lines for at least one of the flanking marker loci in the QTL
regions (Figure 7). By phenotypic analysis using 40 F7:8 individual plants
derived from each heterogeneous line, we found several H-NILs for seven
main-effect QTLs that harbor strong candidate genes (Table 11). Most of the
H-NILs, including F7 RIL #72-derived ones which showed highest variation in
number of tiller, displayed transgressive segregation (Figure 7, Figure 8).
These support that the target genes are localized within the corresponding
QTL regions, enhancing the fidelity of strong candidate genes. Further linkage
analysis of the markers and traits in the H-NIL mapping populations may lead
to isolation of the genes underlying the QTLs.
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Figure 7. Development of heterogeneous inbred family-near isogenic lines
(H-NILs) for Nt2.
The rows represent the genotypes of seven F7 RILs which contain
heterozygous genomic region for Nt2 QTL. Black, white and gray regions
indicate chromosomal segments that are homozygous SNU-SG1,
Milyang23, and heterozygous SNU-SG1 / Milyang23, respectively. 40 plants
of F7:8 H-NILs derived from each F7 RIL were investigated for progeny test
(on the right). Maximum (Max) and minimum (Min) numbers of tiller numbers
for F7:8 H-NILs were presented with standard deviation (SD).
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Table 11. F7:8 H-NILs displaying phenotypic segregation for each trait.
Trait

QTL

Heterogeneous F7 RILsa

Length of panicle
Plant height
Number of Tiller
Length of flag leaf
Width flag leaf
Number of tiller

Lp1
Ph1
Nt2
Lfl4
Wfl5
Nt11-1
1Dcs5,
1Dcf5,
1Dcfs5,
50Dcf5,
50Dcs5,
50Dcfs5

21, 255
21, 255
8, 17, 21, 72, 148, 236, 255
21, 78
72, 78
21, 214, 236, 255

Chlorophyll content

a

155, 172, 183, 205, 236, 255, 259,
298

Line numbers of heterogeneous F7 RILs whose progeny (F7:8 H-NILs) showed phenotypic

segregation.
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Figure 8. Frequency distribution of the tiller number in the 40 H-NILs
derived from F7 RIL #72.
The vertical axis of the figure indicates the number of F7 RILs. Means and
ranges of the parents are marked at the top of each histogram; S, SNU-SG1
and M, Milyang23.

45

DISCUSSION

Next-generation sequencing data enhance the efficiency
of QTL analysis

Agronomically important crop traits are generally controlled by multiple
genes (QTLs) that produce continuous variation in phenotype. Conventional
QTL analysis remains time-consuming and labor-intensive, mainly because it
requires development of polymorphic markers for linkage analysis. To
overcome this limitation, several research groups have recently introduced
next-generations sequencing technology as a new strategy for genetic
mapping. For example, high-throughput genotyping of recombinant
populations can be performed by whole-genome sequencing of individual
RILs (Huang et al., 2009). This sequence based genotyping has proven faster
for genetic map construction and more accurate for determination of
recombination breakpoints than marker-based genotyping methods (Wang et
al., 2011). Another group performed whole genome resequencing of 50 rice
cultivars and investigated genome-wide variation in high-quality candidate
SNPs obtained from resequencing data for each cultivar (Xu et al., 2012). In
this study, we modified conventional mapping methods by whole-genome
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sequencing of the two parental cultivars to improve QTL mapping efficiency.
To develop polymorphic DNA markers for linkage analysis, we generated
whole geneome based In-Del markers (WID) using two parents whole
genome sequencing data; these markers were designed based on nucleotide
sequence polymorphisms between the two parents. The WID markers
showed much higher efficiency (74.5%) in polymorphic marker development
compared to conventional SSR (18.1%) and STS (21.1%) markers (Chin et
al., 2007), which were designed from sequence polymorphisms between
japonica and indica genomes (Figure 9). These results indicate that
application of a whole-genome sequencing data approach to the two parental
cultivars substantially enhanced the efficiency of QTL mapping with relatively
lower cost for whole-genome sequencing compared to high-throughput
approaches. ajssh
High-resolution mapping to identify candidate genes in QTLs is another
time-consuming and laborious step in conventional QTL analysis. Thus,
instead of performing fine mapping to narrow down the QTL region to less
than 100 kb, we directly analyzed the genomic regions for the QTLs that were
selected based on a 1.5-LOD confidence interval (Table 6), and identified
candidate genes for each QTL of interest. Our sequence analysis found an
average of five candidate genes harboring 23 causal SNPs in the confidence
interval-based QTL regions by comparing genomic sequences of SNU-SG1
and Milyang23 with the reference Nipponbare. In conventional QTL analysis,
fine mapping has to be conducted to narrow down the QTL region to 50 to
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100 kb through development of large numbers of polymorphic DNA markers
in each QTL region as well as development of mapping populations such as
heterogeneous inbred family-near isogenic lines (Tisne et al., 2008) and
backcross inbred lines (Li et al., 2011). Whole genome sequencing-based
QTL analysis enabled us to isolate candidate genes for all the QTLs identified
from initial mapping population at the same time, while conventional QTL
approaches need to develop a high resolution-mapping population for each
QTL to find strong candidate gene(s). Furthermore, the combination of wholegenome sequencing-based QTL and meta-expression profile analyses
enable us to isolate candidate genes for the previously reported QTLs by
sequencing of the two parents that were used to construct mapping
populations. Therefore, we propose that this advanced QTL analysis
approach, sequencing two parent cultivars, is an efficient method for
candidate gene identification, as it skips the fine-mapping procedure.
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Figure 9. Comparison of efficiencies of polymorphic marker development
between WID markers and two conventional SSR and STS markers.
Total DNA markers number that were tested for marker development RM
marker (358), STS marker (151) and WID marker (43). Polymorphic markers
represent the markers obviously distinguishable in PCR product size by 3%
agarose gel electrophoresis. WID markers were used to construct linkage
map for separated regions in the initial map.
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Comparison of the identified QTLs with previously
reported QTLs for agronomic traits

Some QTLs were identified here and in previous studies of plant
architecture that examined traits such as tiller number and panicle diameter.
For example, the four QTLs, Nt2, Nt 4, Nt 6 and Nt 9, which influence tiller
number, shared a similar genomic location with QTLs identified in previous
studies (Jiang et al., 2012; Liu et al., 2012; Qu et al., 2012; Rahman et al.,
2008; Yan et al., 1998) (Table 7). This consistency in the QTL regions
associated with the tiller number among independent studies indicates that
the locations of alleles for the trait are conserved across different genetic and
environmental backgrounds. By contrast, the other two QTLs, Nt11-1 and
Nt11-2, have not been previously identified. Some QTLs we identified for
diameter of panicle (Dp3, Dp6, Dp8, Dp9 and Dp11) and functional stay-green
(1Dcf5, 1Dcs5, 1Dcfs5, 50Dcf5, 50Dcs5, 50Dcfs5 and 50Dcf10) are novel,
with no correspondence to previously reported QTLs for this trait (Table 6),
indicating that these QTLs may be a potentially new set of alleles specific to
this genetic background.
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Analyzing candidate genes and inferring their functions
from Arabidopsis homologs

By the whole-genome sequencing data analysis, we found 57 candidate
genes in all the detected QTL regions related to 13 traits (Table 8). By further
sequence and meta-expression profile analysis, we designated 16 out of 57
genes as strong candidates for 20 main QTLs. Of the 16 strong candidate
genes, 12 genes identified by amino acid sequence analysis carry
polymorphic SNPs that lead to a frameshift or premature stop codon in the
coding sequence (Table 9). For example, in the Lp1 and Ph1 QTL region
(Figure 10A), five genes containing polymorphic SNPs in their coding
sequences were initially found by sequence analysis (Table 8). Of these
SNPs, a 1-bp deletion in the coding region of PTR2 occurred in the Milyang23
allele, leading to a premature stop codon (Figure 10C), whereas simple SNPs,
which do not cause premature stop codon, were found for the other four
genes. These suggest that PTR2 is the strongest candidate gene for the Lp1
and Ph1 QTL. In the same way, we identified strong candidate genes for the
other tiller number associated QTL Nt11-1 (Figure 10B and 10D; Table 8).
In addition to mutations in coding sequences, nucleotide mutations in the
promoter, 5′-UTR, 3′-UTR and intron of many eukaryotic genes affect
morphological traits by regulating gene expression at transcriptional or posttranscriptional levels (Lu et al., 2008; Rose et al., 2008; Yu et al., 2007).
51

Figure 10. Genomic locations of two main-effect QTLs and their candidate
genes.
(A, B) Os01g68510 (A) and Os11g18194 (B) genes located at two maineffect QTLs, Ph1 and Nt11-1, respectively. (C, D) Gene structures and
natural variations of Os01g68510 (C) and Os11g18194 (D). Sequence
variations between SNU-SG1 and Milyang23 are indicated. Black dots
represent the absence of the corresponding bases.
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For example, TAC1, which affects tiller angle, is highly expressed in the
indica rice line ‘IR24’ which displays a relatively spread-out plant architecture,
but the expression of TAC1 is low in the introgressed line, IL55, derived from
the japonica rice ‘Asominori’ which displays extremely erect tillers (Yu et al.,
2007). This differential expression results from a nucleotide change in an
intron, which affects 3′-UTR splicing. Recently, Jung et al. (2013) analyzed
publicly available Affymetrix array data and identified 490 genes preferentially
expressed in japonica rice and 104 genes in indica rice. Some of the genes
that are preferentially expressed in each subspecies involve development of
morphological traits such as plant height, panicle, culm and root (Jung et al.,
2013).
Thus, using the Affymetrix array data, we analyzed the expression
patterns of 57 candidate genes in the indica and japonica rice samples of
various tissue/organs and found seven genes that are differentially expressed
between japonica and indica; this japonica-preferred expression was
confirmed in SNU-SG1 by RT-qPCR analysis (Figure 6). Notably, three of the
differentially expressed genes (Os02g40190, Os02g40200 and Os02g40240)
were identified by both the sequence and expression analyses (Table 10 and
Figure 6). Together with 12 candidate genes that were identified by sequence
analysis, an additional four genes from the meta-expression analysis between
japonica and indica cultivars would be strong candidates for the causal genes
for the corresponding QTLs.
The functions of the uncharacterized genes in rice can generally be
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predicted from the functions of orthologous genes in Arabidopsis, as proteins
in these species generally have conserved molecular and biochemical
functions. For example, the functions of CO and FT, flowering promoters in
photoperiod pathway, are well conserved between Arabidopsis and rice and
most likely in other species as well (Hayama and Coupland, 2004).
Among the 16 strong candidate genes proposed in this study, the
functions of four Arabidopsis orthologs have been reported (Corey et al., 1993;
Fan et al., 2009; Maris et al., 2009) (Table 9). The Arabidopsis nitrate
transporter NRT1.7 (Fan et al., 2009), an ortholog of PTR2, plays an
important role in source-to-sink remobilization of nitrate. In addition, a rice
gene, Short Panicle 1 (SP1) encoding a putative peptide transporter (PTR)
has been reported to regulate inflorescence branch elongation; the knockdown sp1 mutant is defective in rice panicle elongation, producing shortpanicle phenotypes (Li et al., 2009). These also indicate that PTR2 is a
promising candidate gene related to the two QTLs detected for length of
panicle and plant height in this study.
Another candidate gene Os11g18194, located in the region of Nt11-1
(Fig. 5B), is a rice ortholog of Arabidopsis CAS1, encoding a cycloartenol
synthase, which is involved in the biosynthesis of brassinosteroids (Corey et
al., 1993). Mutations in the genes involved in the BR biosynthesis pathway
modify tiller number (Fujii et al., 1991), leaf size (Morinaka et al., 2006) and
yield per plant (Choe et al., 2001). Moreover, increased levels of
brassinosteroids cause a significant effect, increasing tiller number and seed
54

weight (Wu et al., 2008). These suggest that OsCAS1 is a promising
candidate gene for Nt11-1 related to tiller number. Lastly, another candidate
gene Os04g51450, located in the region of Lfl4, has an orthologous gene
At2g18800 (XTH21), encoding a member of the xyloglucan endotransg
lucosylase / hydrolases (XTH), which is involved in cell loosing process at the
preliminary stage of cell elongation in shoot and root meristems (Liu et al.,
2007). Genes related to cell elongation, such as ANGUSTIFOLIA in
Arabidopsis, play a role in leaf longitudinal development (Tomohiko et al.,
1996). This supports the possible involvement of Os04g51450 in Lfl4 QTL
regulating flag leaf length.
In this study, we developed an improved approach for DNA marker
development and candidate gene identification by whole genome sequencing
of the two parent cultivars of our RILs. This approach substantially increased
the efficiency of linkage analysis by enabling marker development by simple
comparison of sequence data from the two parents. In addition, the
application of whole-genome sequencing to candidate gene analysis reduced
the cost and time for candidate gene identification by skipping the highresolution mapping step. By QTL analysis, we detected a total of 42 QTLs for
13 agronomic traits. The 24 novel QTLs, three QTL hotspots and 16 strong
candidate genes identified in this study provide valuable resources for
molecular breeding of new high-yielding plant varieties in rice.
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초 록

벼의 이상적 초형과 녹색지속성 형질을 활용하여 수량
증진을 위한 QTL 분석 및 후보유전자 동정에 관한 연구
현재 벼의 생산력 증대는 농업적인 기술로는 한계에 다다른 상태이다.
앞으로

벼의

생산량을

늘리기

위해서는,

유전기술을

이용하여

수량증진과 관련된 농업적 형질을 조절 할 수 있는 유전자 조작을 통해
벼의 수량증진을 이뤄내야 한다. 이를 위해 우선 농업적 형질과 관련된
유전자좌를 밝혀내어 유전자를 동정할 수 있도록 QTL 연구를 시작
하였다. QTL 연구재료로 SNU-SG1 (자포니카) 과 한국 중남부에서
재배되는 중만생종 벼인 밀양 23 호 (인디카) 를 교배하여 얻은 RIL
집단을

사용하였다.

농업적

형질로는

수량

증진과

관련된,

벼의

이상적인 초형을 구성하는 필요한 잎의 넓이와 길이, 이삭의 길이 및
두께, 총장 그리고 분얼의 개수와 관련된 외형적인 형질과, 개화 후에도
지속적인

광합성

작용을

할

수

있게

해주는

기능적

녹색지속성

형질같이 식물의 내부적인 형질이 선택되었다. 이 연구를 통해서 총
42 개의 QTL 을 동정되었다. 초형과 관련된 QTL 은 27 곳, 녹색지속성
형질과 관련된 QTL 은 크게 3 곳이 발견되었다. 총 42 개의 QTL 중
표현형에 영향을 주는 수치가 10% 이상인 QTL 들을 주력 QTL 로
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선정하였고,

그

안에

존재하는

동정하였다.

후보유전자의

유전자들

동정은

부모형으로

중에서
쓰인

후보유전자를
SNU-SG1

과

밀양 23 호의 whole-genome sequence 에서 발견된 SNP 를 중심으로
선발하였다. 선정된 후보유전자는 reference genome 인 니뽄바레와
부모형중 하나인 밀양 23 호는 같고 SNU-SG1 에서만 발견되는 SNP 를
지닌 총 11 개의 유전자들을 선별하였다. 이렇게 동정된 QTL 이나
후보유전자는, QTL 분자표지를 기반으로 분자육종을 통해 저투입,
고품질, 다수성 자포니카 벼의 개발이나 후보유전자의 기능 확인 후
유전자조작 식물체를 통해 이상적인 초형 및 수량을 지는 신품종
개발에 유용하게 이용 될 것이다.
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