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Lodging Resistance and Culm Strength of Japanese Wheat Cultivars

are important factors for preventing the lodging of grain 
crops, including wheat (Pinthus 1973). In contrast to 
Pinthus (1973), who assumed root lodging was more 
critical, whereby he focused on the root system, Berry et 
al. (2004) examined culm strength in detail, and developed 
a wheat lodging model by clarifying the physical 
mechanism of lodging, including external factors such as 
wind speed and rainfall. Subsequently, they identified the 
ideal shape of the wheat plant for the highest resistance to 
lodging (Berry et al. 2007).

In Japan, wheat lodging is categorized into three 
types: stem-breaking lodging, stem-bending lodging, 
and root lodging. Among these, stem-bending lodging is 
particularly common in wheat crops in Japan. Thus, to 
date, the Japanese breeding of wheat varieties has focused 
on the production of short-culm varieties for improving 
lodging resistance; however, presumably, not only culm 
length but also culm strength, affected lodging resistance 
in Japanese wheat. Oda et al. (1966) investigated 
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Introduction

Improving wheat lodging resistance is indispensable 
for achieving consistently high yields; further, wheat 
lodging may be prevented through inhibition of internodal 
elongation by applying plant growth regulators such as 
chlormequat, ethephon, or trinexapac-ethyl. However, 
in Japan, except in the northern region, Hokkaido, few 
growth regulators are permitted for agricultural use; 
therefore, high crop yields based on the application 
of growth regulators and heavy fertilization are rather 
uncommon. Thus, alternatives to growth regulator 
treatments are necessary to prevent lodging while aiming 
for high yields. 

In Europe, wheat lodging is categorized into two 
types: stem lodging, in which case the culm bends and 
breaks, and root lodging, in which case straight culm tilts 
and lodging occurs from the root (Pinthus 1973). Culm 
length and strength, panicle weight, and root development 
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Lodging resistance and culm strength of native 
and breeding Japanese wheat varieties

1.  Changes in lodging resistance and culm strength 
in Japanese wheat breeding
A core collection is a set of representative varieties 

and lines selected to reflect the genetic variation within 
numerous conserved genetic resources. A “Core 
collection of Japanese wheat varieties” was created in the 
gene bank project “Creation of the Japanese wheat core 
collection” (2009-2011) and preserved at the Research 
Center for Genetic Resources, National Agriculture and 
Food Research Organization (NARO). This collection 
comprised 44 native varieties and varieties produced 
through pure line selection, 51 varieties produced through 
modern hybrid breeding, and the genetic standard line 
“Chinese Spring.” Of these 96 varieties, 94 (excluding 
“Saitama No. 27” [ID: JWC50] and “Chinese Spring” 
[ID: JWC96], which showed problems at the time of 
sowing; Table 1) were tested in the field. The test site was 
the NARO Central Region Agricultural Research Center 
located in Ibaraki, central Japan (36°0′ N, 140°0′ E, at an 
elevation of 24 m above mean sea level). A total of 34 
seeds of each variety were sown on November 6, 2009 
and November 5, 2010, at 80 and 5 cm inter-row and 
inter-hill spacing, respectively.

Prior to the establishment of “HACHIMAN 
KOMUGI” in 1973, culm lengths varied substantially, 
whereas after this, culm length typically did not exceed 
100 cm (Fig. 1), indicating selection of short-culm 
varieties that are more lodging resistant. However, 
regarding the bending moment at breaking of the basal 
internode, few varieties were lower than the average of 
the 94 varieties tested, even among the wheat varieties 
produced after the 1970s. Thus, in reality, culm strength 
was hardly increased through breeding selection in Japan.

Culm length is a trait typically investigated during 
the breeding process; furthermore, it can be assessed 
visually, whereas characteristics related to culm strength 
are more difficult to judge in this manner. In addition, culm 
length is a relatively simple trait determined by a single 
gene, whereas culm strength is a complex characteristic 
depending on multiple traits. Therefore, selection of 
varieties with high culm strength likely difficult to 
implement in the wheat breeding process.

Additionally, genes affecting culm length may 
negatively affect yield (Kashiwagi et al. 2007). Varieties 
with short-culm length reportedly showed increased leaf 
area density, decreased CO2 and water vapor diffusion, 
and decreased photosynthesis (Kuroda et al. 1989). Wheat 
varieties used in Japan over the past 40 years typically 
show a comparably short culm length (80 cm-85 cm); 

differences in lodging resistance and culm strength in 
a wide range of barley and wheat varieties used in the 
United States, Europe, and Japan, and they found that 
wheat lodging resistance is lower in Japanese than in 
overseas varieties, whereas that of Japanese barley was 
higher than that of overseas varieties. Regarding lodging 
resistance of Japanese barley, physical traits and cell wall 
components related to culm strength (Hozyo & Oda 1965a, 
b; Kokubo et al. 1989) and effects of shading and inter-
row space on culm strength (Hozyo & Oda 1965c, 1967) 
have been examined. However, few studies on lodging 
in wheat, compared to barley, have been conducted in 
Japan. Indeed, lodging resistance and culm strength of 
Japanese wheat, including recently produced varieties 
have never been examined. Additionally, potential effects 
of cultivation methods on lodging resistance of Japanese 
wheat remained unclear.

This paper discusses recent breeding efforts and 
agronomic studies regarding lodging resistance, focusing 
on culm strength of Japanese wheat. A “core collection 
of Japanese wheat varieties” (Kojima et al. 2017) and 18 
typical wheat varieties currently predominant in areas 
from Hokkaido to Kyushu were examined to elucidate 
changes in lodging resistance in novel wheat varieties, 
and to identify the characteristics of major varieties. 
Moreover, the effects of nitrogen topdressing and seeding 
rates on lodging resistance and culm strength of Japanese 
high-yielding varieties are discussed. 

Measuring lodging resistance and culm strength 

The physiological parameters of the third internode 
(the neck internode of the spike was deemed the first 
internode) of the main culm, which is closely associated 
with stem lodging, were investigated 2 weeks after 
heading. The bending load at the breaking of the basal 
internode was measured at a distance of 4 cm between 
two supporting points (Ookawa & Ishihara 1992) using 
a TA. XT plus Texture Analyzer (Stable Micro Systems, 
Godalming, UK). The bending moment at breaking  
(gf cm) was considered the maximum stress. The outer 
and inner radii (a1 and a2, respectively) of the minor axis in 
the cross-section of the middle part of the internode were 
measured, and the outer and inner radii of the major axis 
(b1 and b2, respectively), to calculate the section modulus 
(mm3) as follows:

 Section modulus mm( ) =
4

×
−

The bending stress (gf mm−2) was calculated by dividing 
the bending moment at breaking by the section modulus.



305

Lodging Resistance and Culm Strength of Japanese Wheat Cultivars

thus, further reduction of the culm length may not be 
desirable concerning grain yield.

2.  The correlation between lodging resistance and 
culm strength
Among the 94 varieties of the “Core collection 

of Japanese wheat varieties” used in the field test, 57 
varieties showing lodging in both years were categorized 
according to culm length. The classification was made 
using three categories of equal range between minimum 
culm length (65.4 cm, for “KOMUGI NOURIN 10”) and 
maximum culm length (149.5 cm, for “SAPPORO HARU 
KOMUGI”). Varieties with culms shorter than 93.4 cm 
were categorized in the short-culm group, varieties with 
culm lengths between 93.4  cm- 121.5 cm were classified 
as the intermediate-culm group, and varieties with culm 
lengths of 121.5 cm or more were classified as the long-
culm group. Then, the relationship between each trait and 
the number of days from heading to lodging was analyzed.

In the intermediate- and long-culm groups, a 
significant negative correlation between culm length and 
the number of days from heading to lodging was observed 
(Fig. 2). In turn, in the short-culm group (< 93.4 cm), there 
was no significant correlation between culm length and 
the number of days from heading to lodging; however, 

a significant positive correlation was detected between 
the section modulus of the basal internode (the value of 
strength determined by the shape of the cross section) and 
the number of days (Fig. 2). Therefore, increasing culm 
strength may help improve lodging resistance in short-
culm wheat varieties (Matsuyama et al. 2014).

Culm strength of typical wheat varieties used in 
Japan in recent years

1.  Culm characteristics of varieties with strong 
culms
We compared culm characteristics of 18 typical 

wheat varieties grown in each region of Japan recently 
(Table 2). The test site was the NARO Central Region 
Agricultural Research Center. Fifty seeds of each variety 
were sown on November 14, 2013, and on November 
13, 2014, at 70 and 5 cm inter-row and inter-hill spacing, 
respectively.

Among the 18 varieties under study, “Yumechikara” 
grown in the Hokkaido region in 2010 showed the largest 
bending moment at breaking of the basal internode 
(Fig. 3). In turn, “Yukichikara,” “Kinunonami,” 
“Ayahikari,” and “Chikugoizumi” showed large bending 
moments at breaking. Among these, “Yukichikara” and 

ID Varieties ID Varieties ID Varieties ID Varieties

JWC 01 AKAGAWA AKA JWC 25 SAKOBORE JWC 49 KOUNOSU 25 JWC 74 AOBA KOMUGI
JWC 02 SHIRO HADA JWC 26 SHIN CHUNAGA JWC 51 KANTOU 107 JWC 75 HITSUMI KOMUGI
JWC 03 DOUSON 1 JWC 27 HATAKEDA KOMUGI JWC 52 IGA CHIKUGO OREGON JWC 76 FURUTSU MASARI
JWC 04 SAPPORO HARU KOMUGI JWC 28 YUUSHOUKI 347 JWC 53 GOKUWASE 4-15 JWC 77 YUKICHABO

JWC 05 SOUSHUU 2 JWC 29 HIROSHIMA SHIPUREE JWC 54 KOMUGI NOURIN 1 JWC 78 HIKARI KOMUGI
JWC 06 SHISEN 1 JWC 30 MUBOU CHINKO JWC 55 HARUMAKI KOMUGI NOURIN 3 JWC 79 FUKUHO KOMUGI
JWC 07 ZAIRAI FURUTZ JWC 31 HIRAKI KOMUGI JWC 56 KOMUGI NOURIN 9 JWC 80 FUKUWASE KOMUGI
JWC 08 NISHIMURA JWC 32 NAKA SOUSHUU JWC 57 KOMUGI NOURIN 10 JWC 81 ABUKUMA WASE
JWC 09 SHIRASAYA JWC 33 HOUMAN JWC 58 KOMUGI NOURIN 16 JWC 82 HOKUSHIN
JWC 10 FUKOKU JWC 34 SEKICHIKU 1 JWC 59 KOMUGI NOURIN 26 JWC 83 CHIHOKU KOMUGI
JWC 11 AKAGARA IBARAKI 1 JWC 35 ESHIMA SHINRIKI JWC 60 KOMUGI NOURIN 27 JWC 84 HARUYUTAKA
JWC 12 SHIRO SANJAKU JWC 36 IGA CHIKUGO JWC 61 KOMUGI NOURIN 39 JWC 85 NANBU KOMUGI
JWC 13 AKA BORO 1 JWC 37 SHIRO KOMUGI JWC 62 KOUSHITSU KOMUGI NOURIN 42 JWC 86 KITAKAMI KOMUGI
JWC 14 NITTA WASW JWC 38 CHIKUZEN JWC 63 KOMUGI NOURIN 50 JWC 87 SHIRANE KOMUGI
JWC 15 SUNEKIRI 15 JWC 39 ICHIGOU HAYA KOMUGI JWC 64 KOMUGI NOURIN 53 JWC 88 BANDOU WASE
JWC 16 AKA BOUZU JWC 40 SHIRO BUNBU JWC 65 KOMUGI NOURIN 55 JWC 89 SHIROGANE KOMUGI

JWC 17 HOSOGARA JWC 41 ASO ZAIRAI (YUUBOU 
KAPPU) JWC 66 KOMUGI NOURIN 61 JWC 90 CHIKUGOIZUMI

JWC 18 SHIRO DARUMA JWC 42 SOTOME JWC 67 KOMUGI NOURIN 67 JWC 91 KOMUGI NOURIN 20
JWC 19 AKA DARUMA JWC 43 SADA BOUZU JWC 68 HARUMAKI KOMUGI NOURIN 75 JWC 92 FUJIMI KOMUGI
JWC 20 WASE KOMUGI JWC 44 NOBEOKABOUZU KOMUGI JWC 69 HOKUEI JWC 93 SHIRASAGI KOMUGI
JWC 21 AKA KOMUGI JWC 45 SAKIGAKE 1 JWC 70 MUKA KOMUGI JWC 94 JUNREI KOMUGI
JWC 22 SHIBU SHIRAZU JWC 46 AKASABI SHIRAZU 1 JWC 71 HOROSHIRI KOMUGI JWC 95 HACHIMAN KOMUGI
JWC 23 KOSHIGUN ZAIRAISHU JWC 47 HONKEI 275 JWC 72 TAKUNE KOMUGI
JWC 24 SHIRO CHABO JWC 48 HOKKAI 240 JWC 73 HARUHIKARI
“ID” is the gene bank ID at Research Center for Genetic Resources, National Agriculture and Food Research Organization (NARO). 
“Saitama No. 27” [ID: JWC50] and “Chinese Spring” [ID: JWC96] showed problems at the time of sowing and could not be used in the analysis.

Table 1.   The 94 varieties of a “Core collection of Japanese wheat varieties” tested in this study
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“Chikugoizumi” showed large bending stress and medium 
section modulus, whereas “Kinunonami” and “Ayahikari” 
showed medium bending stress and large section modulus.

The high-yielding rice variety “Leaf star,” which 
produces extremely strong culms (Kato et al. 2010), likely 
inherited the large section modulus from “Chugoku 117,” 
and the high maximum bending stress from “Koshihikari” 
(Ookawa & Ishihara 1997). However, in wheat, improved 
varieties with higher lodging resistance may be produced 
through crossbreeding of varieties with different levels 
of culm strength (Matsuyama et al. 2020). Measuring 
physical properties associated with culm strength is 
expected to accelerate wheat breeding aimed at improving 
lodging resistance.

2.  Correlation between culm strength and yield
The cross-sectional area of the basal internode 

was significantly and positively correlated with spikelet 
number per spikelet in the 18 wheat varieties tested  
(Fig. 4). Ookawa et al. (2010) identified an effective 
quantitative trait locus (QTL) associated with culm 
strength, which was designated STRONG CULM2 
(SCM2). Moreover, they found that SCM2 was identical 
to ABERRANT PANICLE ORGANIZATION1 (APO1), 
which was previously reported to affect panicle structure 
(Terao et al. 2010). Additionally, a near-isogenic line 
carrying SCM2 showed enhanced culm strength and 
higher spikelet numbers because of the pleiotropic effects 
of this gene. Similar factors affecting culm strength and 

Fig. 1.  Culm length and the bending moment at breaking of the basal internode of the 94 varieties arranged in order of 
establishment year
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spikelet numbers are expected to occur also in wheat; thus, 
increasing culm strength and improving sink capacity in 
wheat variety breeding may not necessarily constitute a 
conflict.

Cultivars bred in the Hokkaido region showed larger 
cross-sectional areas and more spikelets number per spike 
than cultivars bred in the Kyushu region. Meanwhile, 
cultivars bred in the Kanto region showed intermediate 
values for the same parameters (Fig. 4). Different varieties 
produced in the same region are typically selected 
under similar conditions and frequently originate from a 
common parent, whereas they are likely to share some 
characteristics. For example, varieties bred in Hokkaido 
show vertical and closed tiller posture, whereas those 
bred in Kyushu produced tilted spread tillers. In paddy 

rice, the strength of the basal part is superior when the 
proportion of productive tillers is high (Yoshinaga et al. 
2001); moreover, culm-related traits may differ between 
regions due to tillering characteristics associated with the 
respective plant types.

Effects of crop management on wheat lodging 
resistance and culm strength

1.  Nitrogen topdressing
Supplemental nitrogen is indispensable for increasing 

wheat yield, but with increasing amounts of topdressing 
nitrogen, culm length increases, culm strength decreases, 
and the risk of lodging increases (Crook & Ennos 1995, 
Kurai et al. 1998, Berry et al. 2000). The effects of the 

Fig. 2.  Correlation between the number of days from heading to lodging and culm length, bending 
moment at breaking, and section modulus of the basal internode of the 57 varieties
◆: short-culm group (< 93.4 cm)
□: intermediate-culm group (93.4 cm-121.5 cm)
▲: long-culm group (> 121.5 cm)
“r” is the correlation coefficient value
*, **, and ***: significant at the 0.05, 0.01 and 0.001 levels; ns: not significant
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timing of supplemental nitrogen on lodging resistance and 
culm strength were examined by field tests using Japanese 
noodle wheat cultivars “Ayahikari” and “Iwainodaichi.” 
The test site was at the NARO Institute of Crop Science in 
Ibaraki, central Japan (36°0′ N, 140°0′ E, at an elevation 
of 24 m above mean sea level). Seeds were sown at  

140 seeds m−2 on November 5, 2013 and on October 
28, 2014, with 15 cm inter-row spacing. Supplemental 
nitrogen (ammonium sulfate; 80 kg/ha) was applied 
at three different growth stages, representing three 
treatments. The three stages were GS30 (ear at 1 cm), 
GS32 (second node detectable), and GS39 (flag-leaf ligule 
just visible), according to Zadoks growth stages (Tottman 
1987). A fourth treatment without supplemental nitrogen 
was used as control.

The supplemental nitrogen application decreased 
the bending moment at breaking of the basal internode 
at GS30 and GS32 (Fig. 5). The supplemental nitrogen 
administration at GS30 increased culm length, and 
accordingly, application at GS32 (after the jointing stage) 
appeared comparably more beneficial than that before 
the jointing stage. However, under high-yield cultivation 
conditions, nitrogen administration near the jointing stage 
appears to be indispensable. The side effect of a greater 
risk of lodging may be ameliorated by strong-culm 
cultivars or methods other than nitrogen fertilization 
(Matsuyama & Ookawa 2021).

2.  Seeding rate
The seeding rate is an important crop management 

factor, along with nitrogen fertilization. We compared 
the effects of four seeding rates (60, 100, 140, and 180 
seeds m−2) on lodging resistance and culm strength using 
the cultivars “Ayahikari” and “Iwainodaichi.” The study 
site was the NARO Central Region Agricultural Research 
Center. Seeds were sown on November 8, 2013, and on 
November 5, 2014, at 15 cm inter-row spacing.

Fig. 3.  Bending stress and section modulus among the 18 
typical wheat varieties grown in each region of 
Japan
The gray range is the range of mean ± standard error 
of the 18 varieties.
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underground drains or sloping fields established using 
a laser leveler, which contributes to improving seedling 
establishment, have become popular. Under such 
conditions of highly successful seedling establishment, 
lower seeding rates may be better management practice to 
improve lodging resistance in wheat.

Conclusion and perspectives

During the “Green Revolution,” short-culm 
varieties for cultivation under heavy fertilization were 
developed through crossings with “KOMUGI NOURIN 
10” that carries semi-dwarf genes Rht1 and Rht2, 
thereby facilitating mass production of wheat. Even in 

Culm length decreased, and the bending moment 
at the breaking of the basal internode increased with a 
decrease in seeding rate, indicating improved lodging 
resistance (Fig. 6). Additionally, grain yield was not 
significantly affected in this case. Therefore, low seeding 
rates may be better suited for heavily fertilized wheat 
crops that require high lodging resistance (Matsuyama & 
Ookawa 2019). 

Except for the condition of Hokkaido, wheat in Japan 
is grown in paddy fields as an off-season crop. Owing to 
concerns regarding poor seedling establishment in wet 
soils, farmers tend to use a high seeding rate; however, 
recently, long-term upland crop rotation and improvement 
of drainage, such as through the introduction of 

Fig. 5.  Effects of timing of supplemental nitrogen on culm length and bending moment at breaking 
of the basal internode
Bars indicate standard deviation.
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