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Abstract
Lodging is one of the major problems in rice production. In this study, we identified quantitative trait loci (QTLs) for lodging 
resistance traits using recombinant inbred lines (RILs) derived from a cross between two high yielding and superior lodging 
resistant rice cultivars, Tachisugata and Hokuriku 193. A total of 19 QTLs were detected on chromosomes (Chrs.) 2, 4, 6, 8, 
9 and 10 in the  F6 and  F7 populations. In particular, one stable QTL for the section modulus (SM) and the outer diameter of 
the major axis (ODMA) was detected on Chr. 2 in both the  F6 and  F7 populations, and the positive allele was derived from 
Tachisugata. Correlation analysis showed that the SM and ODMA were positively correlated with the bending moment at 
breaking, the primary factor for the breaking type lodging resistance in rice. In addition, two QTLs for the spikelet number 
of the secondary branch and the spikelet number per panicle were also detected on Chr. 2, which overlapped with the stable 
QTL for the traits related to lodging resistance. These results indicated that the stable QTL might have combined effects on 
the traits associated with lodging resistance and grain yield. The novel QTL would be a promising target in marker-assisted 
selection to improve lodging resistance and grain yield in rice.
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Introduction

Lodging in cereal crops is a major problem that results in 
decreased grain yield and deteriorated grain quality (Brau-
mann et al. 2018). Since the 1960s, the lodging resistance 
of rice has been significantly improved by introducing the 
semi-dwarf gene (sd-1), known as the “Green Revolution 
Gene”. This improvement of lodging resistance is ascribed 
to the shortened plant height partly regulated by gibberellin 
(GA) deficiency or insensitivity. However, GA deficiency 
or insensitivity may have a negative influence on the culm 
strength by reducing the culm diameter and decreasing the 
lignin content (Okuno et al. 2014). In addition, the semi-
dwarf plant itself has a bottleneck of the yield ceiling due 
to the limitation of source and sink capacities (Yano et al. 
2015). To meet future food demands, the strategy of rice 
breeding should be aimed at enhancing taller plant archi-
tecture with a strong lodging resistance to develop new high 
yielding rice cultivars.

Lodging resistance is a complex quantitative trait, which 
is affected by many factors, such as the culm morphology, 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1072 5-018-0468-3) contains 
supplementary material, which is available to authorized users.

 * Jun Ma 
 majunp2002@163.com

 * Taiichiro Ookawa 
 ookawa@cc.tuat.ac.jp

1 Graduate School of Agriculture, Tokyo University 
of Agriculture and Technology, 3-5-8 Saiwai-cho, Fuchu, 
Tokyo 183-8509, Japan

2 Rice Research Institute of Sichuan Agricultural University, 
Wenjiang 611130, Sichuan, China

3 Institute of Crop Science, NARO, 2-1-2 Kannondai, 
Tsukuba, Ibaraki 305-8666, Japan

4 Genetic Resources Center, NARO, 2-1-18 Kannondai, 
Tsukuba, Ibaraki 305-8518, Japan

http://orcid.org/0000-0002-2081-543X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10725-018-0468-3&domain=pdf
https://doi.org/10.1007/s10725-018-0468-3


268 Plant Growth Regulation (2019) 87:267–276

1 3

the culm quality, and the external environmental conditions. 
In particular, the culm diameter as a factor that influences the 
section modulus is highly correlated with the bending moment 
at breaking and regulates the lodging resistance of the rice 
plant (Ookawa et al. 2016). To date, many quantitative trait 
loci (QTLs) for the traits relating to lodging resistance have 
been identified, such as prl5 (Kashiwagi et al. 2006), qPRF-8 
(Hu et al. 2008), lrt5 (Ishimaru et al. 2008), BSUC11 (Kashi-
wagi et al. 2016), SCM1 and SCM2 (Ookawa et al. 2010a), 
and SCM3 and SCM4 (Yano et al. 2015). Some QTLs and 
their responsible genes that simultaneously control lodging 
resistance and grain yield have been identified. Two pleiotropic 
QTL genes, SCM2 and SCM3 (Ookawa et al. 2010a; Yano 
et al. 2015), which can both increase the culm strength and 
spikelet number per panicle without causing panicle deformi-
ties, have been identified using chromosome segment substi-
tution lines (CSSLs) derived from Sasanishiki and Habataki 
and backcross inbred lines (BILs) derived from Chugoku117 
and Koshihikari, respectively. This finding indicates that it is 
possible to utilize many kinds of QTLs and their combinations 
affecting both lodging resistance and grain yield from natural 
variation in rice. It is necessary to examine the superior alleles 
from natural variation in rice.

Two rice cultivars, Tachisugata (TS) and Hokuriku 193 
(H193), which were developed by the National Agriculture 
and Food Research Organization (NARO), Japan, both have 
high grain yield and strong lodging resistance due to their 
large panicles and culms (Goto et al. 2009; Ohta et al. 2010). 
In particular, TS is a high biomass rice cultivar for the use 
of whole crop silage and has superior lodging resistance 
designated “Tachi”, while H193 is a typical high yielding 
indica type rice cultivar. TS can be expected to be a promis-
ing genetic donor to further improve the lodging resistance 
to develop new high yielding indica type rice cultivars. In a 
previous study (Matsubara et al. 2016), the underlying QTLs 
associated with biomass yield traits, including culm length, 
panicle number, spikelet number per panicle, and 1000-
grain weight, have been identified using the recombinant 
inbred lines (RILs) derived from a cross between TS and 
H193. However, the genetic mechanisms of strong lodging 
resistance of these two cultivars still remain to be elucidated. 
In this study, we carried out QTL analysis for the lodging 
resistance using the same RILs of TS/H193, which were 
developed by Matsubara et al. (2016) and discovered mean-
ingful information for future rice improvement.

Materials and methods

Plant materials and field management

Two high yielding rice cultivars, TS and H193, were used 
to develop the RILs populations as described by Matsubara 

et al. (2016). In 2013, TS, H193, and 93 RILs of the  F6 
population were cultivated in the paddy field at the National 
Institute of Agrobiological Science (NIAS) in Tsukuba, 
Japan. Seedlings were transplanted into the paddy field at 
a density of one plant per hill, and the planting density was 
18.5 hills m−2 with a spacing of 18 cm × 30 cm (40 plants for 
each line). The fertilizer was applied as the basal dressing 
with compost (~ 5 kg m−2) and chemical fertilizer at a rate of 
8 g N m−2, 8.9 g P m−2, and 4.3 g K m−2. No additional fer-
tilizer was applied at the later stage. In 2017, TS, H193, and 
92 RILs of the  F7 population were cultivated in the paddy 
field of the farm of the Tokyo University of Agriculture and 
Technology in alluvial soil from the Tama River during the 
rice growing seasons. Seeds were sown in nursery boxes on 
May 8, 2017. Seedlings were transplanted into the paddy 
field at a density of one plant per hill on May 25, 2017. 
The planting density was 22.2 hill m−2 with a spacing of 
15 cm × 30 cm (40 plants for each line). The fertilizer was 
applied as the basal dressing with compound fertilizer at a 
rate of 5 g N m−2, 6 g P m−2, and 6 g K m−2. The weeds were 
controlled using herbicide and hand weeding when neces-
sary. Other field management techniques were the same as 
those used in conventional management.

Measurement of the traits related to lodging 
resistance

At 14 days after heading, six main culms per RIL and parent 
were sampled to evaluate the physical parameters related to 
lodging resistance. After the measurements of culm length 
(CL) and the length of the basal internode (LI), the bending 
moment at breaking (BM) and Young’s modulus (YM) were 
measured at a distance of 4 cm from the supporting points 
using the load testing machine Tensilon (A&D, RTG-1210, 
Tokyo, Japan). The central section of the basal internode 
was sectioned by hand, and the inner and outer diameter 
was measured using a sliding Vernier caliper. The section 
modulus (SM) was calculated by π(a1

3b1 − a2
3b2)/32a1; 

the secondary moment of inertia (SMI) was calculated by 
π(a1

3b1 − a2
3b2)/64, and the cross-sectional area was cal-

culated by π(a1b1 − a2b2)/4, where  a1 is the outer diameter 
of the minor axis (ODMI),  b1 is the outer diameter of the 
major axis (ODMA),  a2 is the inner diameter of the minor 
axis (IDMI), and  b2 is the inner diameter of the major axis 
(IDMA).

Measurement of yield traits

At the maturity stage, six plants of the middle individuals 
were sampled to count the panicle number (PN) and evalu-
ate the grain yield (GY) and 1000-grain weight (1000-GW). 
The three largest panicles of the main culm from these plants 
were used to investigate the primary branch number (PBN), 
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secondary branch number (SBN), spikelet number of pri-
mary branch (SNPB), spikelet number of secondary branch 
(SNSB), spikelet number per panicle (SN), grain length 
(GL), and grain width (GW).

QTL analysis and sequence analysis

A total of 175 SNP markers were used to construct the 
genetic linkage map covering all 12 chromosomes as 
described by Matsubara et al. (2016). Composite Interval 
Mapping (CIM) was performed using WinQTL Cartogra-
pher 2.5 (Wang et al. 2006) to detect the QTLs associated 
with lodging resistance and yield traits. The QTL regions 
were determined using forward and backward regression 
with the standard model (Model 6). The significant loga-
rithm of odds (LOD) value threshold for each trait was deter-
mined following the 5% permutation test with 1000 repli-
cates. The putative genes on the QTL region were identified 
based on the RAP-DB database (http://rapdb .dna.affrc .go.
jp/). The sequences analysis of the QTL region was based on 
the TASUKE database (http://riceg enome s.dna.affrc .go.jp/).

Statistical analysis

The significant differences in the traits evaluated between 
TS and H193 were determined using a T-test. Phenotypic 
correlations among the traits associated with lodging were 
evaluated using Pearson’s correlation.

Results

Difference in the traits evaluated between TS 
and H193

The traits related to bending type lodging, breaking type 
lodging, and culm morphology were investigated in 
Tsukuba and Fuchu (Table 1). H193 showed significant 
higher values of the BM, SM, ODMI, and CSA compared 
to TS, but no significant differences in the BS, ODMA, 
IDMA, IDMI, and LI were detected between TS and H193 
in Tsukuba. However, the mean values of the BM, BS, and 
CL of TS were higher than those of H193 in Fuchu. These 
results indicated that, although TS and H193 showed dif-
ferent phenotypes in Tsukuba and Fuchu, the higher lodg-
ing resistance of the rice was ascribed to the larger section 
modulus, culm diameter, and cross-sectional area.

Differences in the yield traits between TS and H193 in 
2017 were also compared (Supplemental Table 1). The 
results showed that TS had more SNPB, a higher 1000-
GW, and larger grain size compared to H193. However, 
the yield of H193 was higher than that of TS due to the 
increase in the PN and SNSB.

Table 1  Traits related to 
lodging resistance of the 
parental variety

BM bending moment at breaking, BS bending stress, SM section modulus, YM young’s modulus, SMI sec-
ondary moment of inertia, FR Flexural rigidity, ODMA outer diameter of major axis of basal internode, 
ODMI outer diameter of minor axis of basal internode, IDMA inner diameter of major axis of basal inter-
node, IDMI inner diameter of minor axis of basal internode, CSA cross sectional area of basal internode, LI 
length of basal internode, CL culm length
*, ** and ns indicated significant at the level 5%, 1% and not significant at the level 5%, respectively

Traits Tsukuba (2013) Fuchu (2017)

TS H193 Significance TS H193 Significance

Breaking-type and bending-type traits
 BM (g cm) 1748.1 2270.3 ** 2694.1 2219.9 **
 BS (g mm−2) 1381.6 1264.5 ns 969.0 834.7 *
 SM  (mm3) 12.9 18.7 * 28.1 26.6 ns
 YM (g cm−2) – – 0.1749 0.1636 ns
 SMI  (mm4) – – 94.3 90.2 ns
 FR (g  mm2) – – 1661.5 1484.0 ns

Morphological traits of culms
 ODMA (mm) 6.1 6.9 ns 8.1 7.7 ns
 ODMI (mm) 5.0 5.8 * 6.7 6.8 ns
 IDMA (mm) 3.9 4.5 ns 5.7 5.5 ns
 IDMI (mm) 3.1 3.7 ns 4.5 4.7 ns
 CSA  (mm2) 14.6 18.1 * 22.6 21.0 ns
 LI (mm) 56.9 65.3 ns 58.3 84.8 **
 CL (cm) – – – 106.8 93.8 **

http://rapdb.dna.affrc.go.jp/
http://rapdb.dna.affrc.go.jp/
http://ricegenomes.dna.affrc.go.jp/
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Phenotypic variance of the RILs

The traits related to lodging resistance and grain yield of 
the RILs in the  F6 and  F7 populations mostly showed the 
normal distribution with the obvious transgressive segre-
gation (Fig. 1 and Supplemental Fig. 1).

To illustrate the relationships between the traits associ-
ated with lodging resistance, the correlation coefficients 
between the traits of the RILs in the  F6 and  F7 populations 
were analyzed using Pearson’s method (Table 2). The BM 
and SM were positively correlated with the CSA, ODMA, 
ODMI, IDMA, IDMI, CL, YM, SMI, and FR (p < 0.001), 
while the BS showed a significantly negative correlation 
with the SM, CSA, ODMA, ODMI, IDMA, IDMI, LI, CL, 
SMI, and FR (p < 0.001). These results indicated that the 
traits related to the culm diameter (SM, CSA, ODMA, 
ODMI, IDMA, and IDMI) were advantageous to improve 
the lodging resistance of rice.

QTL detection in the  F6 population

A total of five QTLs controlling the SM, ODMA, and ODMI 
were detected in the  F6 population (Table 3). Two QTLs for 
the SM were detected on Chrs. 2 and 8, explaining 10.0% 
and 12.5% of the phenotypic variance, respectively. Two 
QTLs controlling the ODMA were detected on Chrs. 2 and 
4, explaining 11.1% and 11.6% of the phenotypic variance, 
respectively. One QTL affecting the ODMI was detected on 
Chr. 8, explaining 11.2% of the phenotypic variance. The 
positive alleles of the QTL for the SM on Chr. 2 and the 
QTLs for the ODMA on Chrs. 2 and 4 were derived from 
the parent TS, while the positive alleles of QTL for the SM 
and ODMI on Chr. 8 were derived from the parent H193.

QTL detection in the  F7 population

The QTL for the traits related to lodging resistance and 
grain yield were detected in the  F7 population (Table 3; 
Fig. 2 and Supplemental Table 2). One QTL for the SM 

Fig. 1  Frequency distribution of the traits related to lodging resist-
ance in the  F6 and  F7 populations. A–C The frequency distribution of 
the traits of RILs in the  F6 population; D–I the frequency distribution 
of the traits of RILs in the  F7 population. The abbreviations for SM, 

ODMA, ODMI, IDMA, CL, and CSA are the same as the Table 1. 
The black and white arrowheads indicate the mean values of TS and 
H193, respectively



271Plant Growth Regulation (2019) 87:267–276 

1 3

Ta
bl

e 
2 

 C
or

re
la

tio
n 

co
effi

ci
en

ts
 b

et
w

ee
n 

th
e 

tra
its

 re
la

te
d 

to
 lo

dg
in

g 
re

si
st

an
ce

 e
va

lu
at

ed
 in

 th
e 

 F 6
 a

nd
  F

7 p
op

ul
at

io
n

Th
e 

ab
br

ev
ia

tio
ns

 fo
r B

M
, B

S,
 S

M
, C

SA
, O

D
M

A
, O

D
M

I, 
ID

M
A

, I
D

M
I, 

LI
, C

L,
 Y

M
, S

M
I, 

an
d 

FR
 a

re
 th

e 
sa

m
e 

as
 th

e 
Ta

bl
e 

1
* 

an
d 

**
 in

di
ca

te
d 

si
gn

ifi
ca

nt
 a

t t
he

 le
ve

l 5
%

 a
nd

 1
%

, r
es

pe
ct

iv
el

y

B
M

 (g
 c

m
)

B
S 

(g
 m

m
−

2 )
SM

  (m
m

3 )
C

SA
  (m

m
2 )

O
D

M
A

 (m
m

)
O

D
M

I (
m

m
)

ID
M

A
 (m

m
)

ID
M

I (
m

m
)

LI
 (m

m
)

C
L 

(c
m

)
Y

M
 (g

 c
m

−
2 )

SM
I  (

m
m

4 )

F 6
 p

op
ul

at
io

ns
 (n

 =
 93

)
 B

S 
(g

 m
m

−
2 )

−
 0.

08
 S

M
  (m

m
3 )

0.
75

**
−

 0.
71

**

 C
SA

  (m
m

2 )
0.

81
**

−
 0.

60
**

0.
96

**

 O
D

M
A

 (m
m

)
0.

63
**

−
 0.

72
**

0.
93

**
0.

86
**

 O
D

M
I (

m
m

)
0.

65
**

−
 0.

78
**

0.
97

**
0.

89
**

0.
91

**

 ID
M

A
 (m

m
)

0.
41

**
−

 0.
72

**
0.

79
**

0.
62

**
0.

93
**

0.
82

**

 ID
M

I (
m

m
)

0.
41

**
−

 0.
79

**
0.

82
**

0.
64

**
0.

85
**

0.
91

**
0.

90
**

 L
I (

m
m

)
−

 0.
15

−
 0.

51
**

0.
23

*
0.

09
0.

32
**

0.
34

**
0.

45
**

0.
50

**

F 7
 p

op
ul

at
io

ns
 (n

 =
 92

)
 B

S 
(g

 m
m

−
2 )

−
 0.

28
**

 S
M

  (m
m

3 )
0.

80
**

−
 0.

77
**

 C
SA

  (m
m

2 )
0.

85
**

−
 0.

71
**

0.
98

**

 O
D

M
A

 (m
m

)
0.

75
**

−
 0.

81
**

0.
96

**
0.

94
**

 O
D

M
I (

m
m

)
0.

74
**

−
 0.

82
**

0.
98

**
0.

93
**

0.
95

**

 ID
M

A
 (m

m
)

0.
64

**
−

 0.
84

**
0.

92
**

0.
86

**
0.

98
**

0.
94

**

 ID
M

I (
m

m
)

0.
58

**
−

 0.
85

**
0.

91
**

0.
81

**
0.

91
**

0.
96

**
0.

95
**

 L
I (

m
m

)
−

 0.
20

−
 0.

34
**

0.
09

−
 0.

02
0.

12
0.

20
0.

21
*

0.
34

**

 C
L 

(c
m

)
0.

50
**

−
 0.

55
**

0.
63

**
0.

61
**

0.
64

**
0.

66
**

0.
62

**
0.

65
**

0.
42

**

 Y
M

 (g
 c

m
−

2 )
0.

90
**

−
 0.

04
0.

57
**

0.
64

**
0.

51
**

0.
51

**
0.

41
**

0.
34

**
−

 0.
27

**
0.

26
*

 S
M

I  (
m

m
4 )

0.
78

**
−

 0.
77

**
1.

00
**

0.
96

**
0.

94
**

0.
98

**
0.

91
**

0.
92

**
0.

12
0.

62
**

0.
55

**

 F
R

 (g
 m

m
2 )

0.
91

**
−

 0.
56

**
0.

94
**

0.
94

**
0.

87
**

0.
90

**
0.

80
**

0.
78

**
−

 0.
04

0.
53

**
0.

78
**

0.
94

**



272 Plant Growth Regulation (2019) 87:267–276

1 3

and one QTL for the ODMA were detected on Chr. 2 near 
the Marker aa02001611, explaining 13.1% and 15.6% 
of the phenotypic variance, respectively, and the posi-
tive alleles of these two QTLs derived from the TS. Two 
QTLs affecting the ODMI were detected on Chr. 2, which 
individually explained 13.0% and 12.4% of the pheno-
typic variance, respectively. One QTL for the IDMA was 
detected near the Marker P0815_2 on Chr. 2, explaining 
13.3% of the phenotypic variance. One QTL affecting the 
CL was detected on Chr. 10, and it explained 52.5% of the 
phenotypic variance. In addition, one QTL controlling the 
CSA was detected on Chr. 2 with a phenotypic variance 
of 17.3% (Table 3).

For the traits related to grain yield, two QTLs for 
the SNSB were detected on Chr. 2 near the markers 
aa02001611 and AD02013288, and these two QTLs 
explained 13.0% and 12.3% of the phenotypic variance, 
respectively. The positive alleles of these two QTLs were 
derived from TS with the additive effect 15.5 and 15.1, 
respectively. One QTL for the SN was detected on Chr. 2 
with 19.8% of the phenotypic variance. Two QTLs con-
trolling the PN were detected on Chr. 2 and Chr. 6, and 
these two QTLs explained 10.9% and 15.4% of the phe-
notypic variance, respectively. Two QTLs affecting the 
GW were detected on Chr. 2 near the markers aa02000049 
and ac02000844, respectively. These two QTLs explained 
13.8% and 32.2% of the phenotypic variance, and the pos-
itive alleles of the QTLs for the GW were derived from 
H193 (Supplemental Table 2).

Combined effects of the QTLs

A total of five QTLs in the  F6 population and 14 QTLs in the 
 F7 population were detected in Tsukuba and Fuchu, Japan, 
respectively. Among these QTLs, one locus with combined 
effects on controlling the traits related to lodging resistance 
and grain yield had been identified. The QTL near the mark-
ers aa02001611 on Chr. 2 simultaneously dominating the 
SM and ODMA was detected in both the  F6 and  F7 popu-
lations, and this locus was also proven to control the SN, 
ODMI, CSA, IDMA, and SNS in the  F7 populations; the 
positive allele of this QTL was derived from TS (Fig. 2).

Putative genes

In this study, using RILs, one locus controlling the SM and 
ODMA was identified on Chr. 2 in the  F6 and  F7 popula-
tions, and this locus may also control the SN, ODMI, CSA, 
IDMA, and SNS. Thus, the putative genes on this region 
were investigated based on the Rice Annotation Project 
Database (RAP-DB, http://rapdb .dna.affrc .go.jp/). Six genes 
that are responsible for cytokinin signaling, NAC transcrip-
tion factor expression, GA signaling, cell cycle regulation 
and other biological processes within the stable QTL were 
identified (Table 4). These putative genes are associated with 
different types of plant growth and development that may 
influence the culm morphology and yield traits, which have 
been reported in the previous studies.

Table 3  QTLs for lodging 
resistance detected in the  F6 and 
 F7 populations

The abbreviations for SM, ODMA, ODMI, IDMA, CL, and CSA are the same as the Table 1. The position 
is based on the physical position on the rice genome (IRGSP-1.0, http://rapdb .dna.affrc .go.jp) of the culti-
var Nipponbare. PVE: phenotypic variance explained (R2 value × 100). Additive effects refer to the positive 
allele from TS relative to that from H193

Trait Chr. Nearest Marker Position LOD value PVE Additive effect
(Mb) (%)

F6 population
 SM  (mm3) 2 aa02001611 23.9 2.5 10.0 1.37

8 aa08001338 8.4 3.1 12.5 − 1.49
 ODMA (mm) 2 aa02001611 23.9 2.6 11.1 0.23

4 aa04000040 1.1 2.9 11.6 0.19
 ODMI (mm) 8 aa08001338 8.4 2.8 11.2 − 0.16

F7 population
 SM  (mm3) 2 aa02001611 23.9 3.1 13.1 3.75
 ODMA (mm) 2 aa02001611 23.9 3.7 15.6 0.39
 ODMI (mm) 2 aa02001611 23.9 3.2 13.0 0.28

9 ac09000281 17.1 2.9 12.4 0.32
 IDMA (mm) 2 P0815_2 24.2 3.0 13.3 0.30
 CL (cm) 10 aa10002752 12.5 3.2 52.5 13.48
 CSA  (mm2) 2 aa02001611 23.9 3.8 17.3 1.99

http://rapdb.dna.affrc.go.jp/
http://rapdb.dna.affrc.go.jp
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Discussion

In this study, we used the RILs derived from a cross between 
two high yielding cultivars TS and H193 to map QTLs for 
the traits related to lodging resistance. TS and H193 not 
only have high grain yield but also have strong resistance 
to lodging due to their large culms (Matsubara et al. 2016).

Two different types of culm lodging have been observed 
in rice: bending type lodging and breaking type lodging 
(Hirano et al. 2017). In this study, the differences in the traits 
relating to the breaking type lodging were found between 
the parent TS and H193, while no difference in the bend-
ing type lodging-associated traits (YM, SMI, and FR) was 
observed (Table 1). Thus, we mainly focused on the traits 
related to breaking type lodging. The bending moment at 
breaking (BM), an indicator of culm strength, is typically 
used to evaluate the breaking type lodging resistance of rice 
(Mulsanti et al. 2018; Ookawa et al. 2010b). The BM is 
influenced by the SM and BS, and the SM can be calcu-
lated by the culm diameter and culm wall thickness (Berry 
et al. 2007; Ookawa et al. 2010a). The correlation analysis 
between the traits related to the lodging resistance showed 
that the BM was highly positively correlated with the SM, 
CSA, ODMA, ODMI, IDMA, and IDMI (Table 2), indicat-
ing that increasing the culm diameter could be an effective 
strategy to improve lodging resistance in rice, which was 
consistent with a previous study (Kashiwagi et al. 2008). 
In addition, both TS and H193 have larger culm diameters 
compared with other Japanese cultivars investigated in the 
previous studies (Ookawa et al. 2016; Ookawa and Ishihara 
1992). We hypothesized that these two cultivars have supe-
rior strong culm genes.

In this study, the allele from TS had a positive effect on 
the SM, ODMA, ODMI, IDMA, and CSA. This region was 
different from the QTL corresponding to the SM, which 
was detected on Chr. 2 in our previous study (Yano et al. 
2015). Culm diameter is a major factor associated with the 
SM, ODMA, ODMI, IDMA, and CSA. One QTL for culm 
diameter (qCD2.1) was detected on Chr. 2 in the dry direct 
seeded rice (Yadav et al. 2017), which was identified to the 
similar region in the QTL detected in this study. One QTL 

for the ODMA was detected on Chr. 4 in the  F6 popula-
tion, consistent with the QTL for the culm diameter detected 
near the marker RM4835 using a genome-wide association 
study (Sowadan et al. 2018). One QTL affecting the SM and 
ODMI was mapped on Chr. 8 in the  F6 population, and the 
positive allele was derived from H193. Few QTLs for the 
culm diameter and SM have been identified on Chr. 8, and 
to our knowledge, this QTL would be novel. One QTL for 
ODMI and one QTL for CL were detected on Chrs. 9 and 10 
in the  F7 population, respectively. The QTL for the CL deter-
mined on Chr. 10 was not identified in the previous study 
using the same set of RILs used in our study (Matsubara 
et al. 2016). Together with the inconsistent results between 
the two experimental sites of Tsukuba and Fuchu, this find-
ing indicates that the QTLs for lodging resistance might also 
be influenced by environmental factors (Weinig and Schmitt 
2004). In contrast, we repeatedly identified QTLs on the 
same region of Chr. 2 in both the  F6 and  F7 RILs. The TS 
allele always has positive effects on the SM and several char-
acteristics relating to the culm diameter, indicating that this 
region helps to improve lodging resistance by manipulating 
the culm diameter.

As for the yield traits, the QTLs for the SNSB, SN, PN, 
and GW were detected on Chrs. 2 and 6 in the  F7 popula-
tion (Supplemental Table 2). Interestingly, the QTLs for the 
SNSB, SN, and PN on Chr. 2 had overlapped segments with 
the QTL for the traits related to lodging resistance (Fig. 2). 
However, the TS alleles of the QTLs on Chr. 2 had positive 
effects on the SNSB and SN but negative effects on the PN, 
indicating a tradeoff between the spikelet number and pani-
cle number. The QTLs for the number of panicles per plant 
(Marri et al. 2005), tiller number (Miyamoto et al. 2004), 
and panicle number (Yuan et al. 2003) were also detected 
on Chr. 2 in previous studies, and the QTL regions were 
consistent with this study. This result further proved that the 
TS allele of the QTL on Chr. 2 was responsible for improv-
ing lodging resistance and spikelet number. Two QTLs for 
the GW at the different regions were detected on Chr. 2, 
and the positive alleles were derived from H193, although 
H193 had a smaller grain size than TS. One QTL for the 
PN was detected on Chr. 6, consistent with a QTL for the 

Table 4  Putative genes within 
the pleiotropic QTL on Chr.2

Gene ID Position start–end (bp) Description

Os02g0557800 21128650–21131368 A-type response regulator, Cytokinin signaling
Os02g0579000 22258833–22260681 NAC domain-containing protein, NAC transcription factor
Os02g0580000 22319855–22321276 Fruit-weight 2.2-like protein, Negative regulation of grain length
Os02g0580300 22333664–22334302 F-box protein, Positive regulator of GA signaling
Os02g0606700 23769400–23772793 D-box containing protein, Regulation of the cell cycle, Mainte-

nance of meristematic activity under stress conditions
Os02g0610500 23989803–23991271 CO-like protein containing two B-box zinc finger domains and 

one CCT domain, Constitutive flowering repressor
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tiller number at the maturity stage (qTN2-6-1) detected using 
RILs derived from Zhenshan 97 and Minghui 63 (Cui et al. 
2004). From these results, we hypothesize that the allele 
of QTL on Chr. 2 from TS could also increase the spikelet 
number.

The stable QTL on Chr. 2 might have combined effects 
on lodging resistance and grain yield as described above. 
First, we compared the sequence differences of the paren-
tal varieties using the TASUKE database. Interestingly, 
the QTL region detected on Chr. 2 of TS seemed to be the 
japonica type but differed slightly from Nipponbare, while 
H193 was the indica type. We analyzed the putative genes 
within the stable QTL (Table 4). Six genes associated with 
cytokinin signaling (Hirose et al. 2007), NAC transcription 
factor (Kikuchi et al. 2000), fruit weight-like protein (Xu 
et al. 2013), F-box protein (Gomi et al. 2004), D-box protein 
(Ogawa et al. 2011, 2012), and CO-like protein containing 
two B-box zinc finger domains and one CCT domain (Lee 
et al. 2010) had been selected as the putative genes in this 
region due to their functions in plant development. In addi-
tion, the stable QTL in this study might also correspond 
with a mutant (bc14) conferring inferior culm strength and 
abnormal development (Zhang et al. 2011), OsCTR2 con-
trolling tiller number (Wang et al. 2013), and OsABC1-2 
simultaneously regulating tiller number, plant architecture, 
and grain size (Gao et al. 2012). These results demonstrate 
that many genes regulating plant growth and development 
have been identified within the stable QTL region on Chr. 2 
in this study, and some of these genes might be involved in 
regulating lodging resistance and grain yield in rice. Further 
polymorphism analysis of the putative genes showed that 
all these genes in TS had the same haplotypes as those in 
Nipponbare (Supplemental Table 3), suggesting that we can 
further improve the lodging resistance of indica type rice 
cultivars by the combinations of these superior alleles from 
japonica type cultivars.

As described above, H193 might also have superior 
strong culm genes. However, we failed to detect any H193 
alleles of the QTLs related to lodging resistance. We com-
pared the genetic background of TS and H193. Interest-
ingly, these two cultivars both have the genetic background 
from Milyang42 and Milyang25 (Supplemental Fig. 2A). In 
a previous study (Ashikari et al. 2005; Takai et al. 2014; 
Ookawa et al. 2016), two rice cultivars Takanari and Haba-
taki, which were derived from the same parents Milyang 42 
and Milyang 25, both carried the same type of Gn1a and 
SCM2/APO1 alleles that enhance lodging resistance and/or 
yield traits. Further genotypic analysis showed that Gn1a in 
TS and H193 were the same as that in Takanari and Haba-
taki, but SCM2/APO1 in TS showed a different genotype 
from that of Takanari, Habataki, and H193 (Supplemental 
Fig. 2B). These results suggest that the H193 alleles of Gn1a 
and SCM2/APO1 might also have positive effects on lodging 

resistance and yield traits. Further study will be focused on 
the genetic mechanisms in H193 using different populations.

In this study, we identified one stable QTL associated 
with lodging resistance traits on Chr. 2. However, it is diffi-
cult to determine whether this QTL consists of a major effect 
QTL or many minor effect QTLs (Yano and Sasaki 1997). 
Further study will be focused on fine mapping using high 
resolution mapping populations, such as CSSLs and NILs. 
Dissection of this QTL may be utilized in marker-assisted 
selection to develop new varieties with strong lodging resist-
ance and high grain yield.
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