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Abstract Lodging is one of the most important
factors that reduce wheat grain yields. To improve
lodging resistance, increasing the strength of wheat
stems has been an important breeding objective. To
assess the rate of genetic improvement of the charac-
ter, 30 wheat accessions, varying from landraces to
cultivars that have been widely grown in Henan
Province, China during the last 70 years, were tested
for several parameters of lodging resistance in a two-
year experiment. Stem strength, morphological and
anatomical traits, and chemical composition were
measured. The results showed that stem strength, both
at anthesis and 25 days thereafter, has increased
significantly during this period with average annual
genetic gains of 1.07 and 0.87 %, respectively.
Compared with older wheat cultivars, stem walls of
modern cultivars are thicker, and the lignin content is
higher. Grain yield has been significantly increased
over the last 70 years, and the results of multiple
regression analysis indicated that the genetic
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improvement of grain yield was associated with the
increase in stem strength and the decrease in plant
height.
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Introduction

Wheat (Triticum aestivum L.) is one of the most
important crops in the world. In 2013, global produc-
tion amounted to 716 million tons harvested from 219
million hectares of land. The yield of wheat has shown
a dramatic increase from 1.1 tha™' in 1961 to
32tha' in 2013 (FAO, http:/faostat.fao.org/).
Lodging is one of the most important factors that limits
continued increase of wheat yields, as it not only
destroys the canopy structure of plants thereby
reducing photosynthetic capacity and photosynthate
production, but also hinders the transportation of water
and photosynthate, which influences grain filling
(Berry et al. 2004; Acreche and Slafer 2011; Berry
et al. 2015). Simultaneously, grain quality can be
affected by lodging, which is associated with the
reduction of Hagberg falling number, thousand grain
weight and specific weight (Berry et al. 2004). In
addition, lodging complicates mechanized harvesting.
Research has shown that serious lodging can decrease
wheat yield by 31-80 % (Easson et al. 1993; Berry and
Spink 2012).
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Lodging resistance is a major wheat breeding
objective. Introduction of dwarfing genes (Rhtl,
Rht2, and Rht8) since the 1960s led to distinct
decreases in plant height, and that resulted in a
significant increase in lodging resistance and grain
yield (Gooding and Davies 1997). However, if the
plant height is too low, not only is the aboveground
biomass decreased, but the microclimate of the plant
population is degraded and leaf disease is aggravated,
which results in a diminished output. Studies have
shown that the height of modern wheat cultivars is
close to the optimal height (Flintham et al. 1997;
Sherman et al. 2014). Although the reduction of plant
height has enhanced lodging resistance significantly,
lodging still occurs in modern wheat cultivars grown
under conditions of high soil fertility and grain yield.
Therefore, genetic improvement of lodging resistance
remains an important wheat breeding target.

Lodging can be of two types, namely root lodging
and stem lodging. Root lodging generally occurs in
poor soils or can be due to dysplastic root development
(Baker et al. 1998), while stem lodging means that the
stem is bent or broken by external force (Neenan and
Spencer-Smith 1975). In practice, root lodging and
stem lodging occur separately or simultaneously
depending on differing cultivar characteristics and
growing environments (Berry et al. 2003). Stem
lodging, which is associated with plant height and
stem strength, tends to occur in the first and second
internodes of the stem base, especially the second
internode (Kelbert et al. 2004; Peng et al. 2014).
Chuanren et al. (2004) demonstrated that stem strength
has significant correlation with stem diameter, wall
thickness and the number of vascular bundles. Thicker
stem wall and increased dry weight of the internodes
were also associated with improved stem strength
(Zuber et al. 1999; Islam et al. 2007; Feng et al. 2012;
Kong et al. 2013). As main components of the cell
wall, lignin and cellulose contents are also closely
related to the stem strength (Esechie et al. 2004; Wang
et al. 2006; Kong et al. 2013; Peng et al. 2014).

Henan Province is the largest wheat producing area
in China, with a planted area of 5.32 million ha (Wu
et al. 2014). Yield losses due to lodging are common
and breeding for lodging resistance has been on-going
for many years. This study sampled wheat varieties
released in Henan Province since the 1940s to the
present in order to compare their stem strength,
morphological and anatomical traits, and chemical
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composition. Measurements were made at anthesis
and 25 days after anthesis (25 DAA) using the second
basal internode of the sampled cultivars. The aim of
the study was to assess the rate of genetic improve-
ment of stem strength and related traits during this
period and to analyse the associations among traits.
The results were expected to further understanding of
the factors contributing to lodging resistance and to aid
future strategies for its genetic improvement in China
and elsewhere.

Materials and methods
Plant material and experimental design

Based on the maximum area on which a cultivar was
planted annually, 30 of the most widely grow
landraces and cultivars produced during the last
70 years in Henan Province, China, were selected
(Table 1). During the 2013/2014 and 2014/2015 crop
seasons, a field experiment was conducted at the
Henan Research and Development Base for Modern
Agriculture (Yuanyang, Henan, China; 35°00'N,
113°40’E, 77 m a.s.l.). The average annual tempera-
ture of the experimental area was 14.4°C and the
rainfall was 556 mm. The soil type of the experimen-
tal field was highly organic and slightly alkaline sandy
clay. Urea [ca. 13 kg ha™! of nitrogen (N)], ammo-
nium phosphate [ca. 170 kg ha™' of phosphate (P),
67 kgha™' of N] and potassium chloride [ca.
75 kg ha™' of potassium (K)] were applied prior to
planting, and then an additional 120 kg ha™"' of N was
top-dressed at stem elongation (GS31) (Zadoks et al.
1974). The trial was arranged in a completely
randomized block design with six replications, of
which three replications were used to determine the
grain yield (yield plots) and the rest three replications
were used for sample collection to evaluate other traits
(sampling plots). Each plot consisted of six rows
4.25 m in long with a row width of 0.23 m, giving a
total plot size of 6.67 m*. Seed was planted on 6
October in 2013 and on 7 October in 2014 at a seeding
rate of 180 kernels m~2 using a plot row planter.
Following local practices, furrow irrigations (60 mm
each) were provided at the tillering (before winter)
(GS25), stem elongation (GS31) and anthesis (GS60)
stages. Fungicides and pesticides were applied at stem
elongation (GS33) and grain filling (GS73) stages to
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prevent attack by diseases and pests. Because tall
plants of the old landraces or cultivars are prone to
lodging, bamboo sticks (2-3 m long) were used to
prevent lodging so that maximum yield potential could
be reached.

Plant sampling and determinations made
Plant sampling

The second basal internode of the stem was sampled at
anthesis (GS64) and 25 DAA (GS77) in both the
2013/2014 and 2014/2015 seasons. Twenty samples
(the whole second basal internode without node)
randomly taken from each sampling plot were divided
into four sub-samples (five stem cutting in each) and
used for the determination of stem strength, morpho-
logical and anatomical traits, lignin content, and
cellulose content.

Determination of stem strength

Stem strength was measured using the method of
Kokubo et al. (1989) as described by Peng et al.
(2014), with a plant lodging tester (Zhejiang TOP
Instrument Co, YYD-1A, Hangzhou, China). Each
internode, without the stem sheath, was put on the
groove of the support pillars at a distance of 50 mm,
respectively. The tester was set perpendicular to the
internode at the middle, loading was increased grad-
ually, and stem strength in bending was measured
when the internode was pushed to breaking. The value
displayed, representing the largest acting force, was
the stem strength in Newtons.

Determination of morphological and anatomical
traits of the stem

The morphological and anatomical traits of the stem
were studied using the methodology of Wang et al.
(2006). Sections were cut at the centre of each
internode with a freezing microtome (Leica,
CM1950, Wetzlar, Germany) and stained with
phloroglucinol-HCI. The number of vascular bundles
was determined using a microscope (Olympus, BX53,
Tokyo, Japan). The stem diameter and stem wall
thickness were measured using a statistical software
package attached to the microscope.

@ Springer

Determination of the chemical composition
of the stem

The internodes were ground to a fine powder in liquid
nitrogen using a mortar and pestle, and 200 mg and
20 mg fine powder was collected to assay the lignin
content and cellulose content of the stem using the
methods described by Kirk and Obst (1988) and
Updegraff (1969), respectively.

Determination of plant height and grain yield

Plant height was measured at 5 days after anthesis
(GS71) from the soil surface to the top of the spike
(excluding awns), and each plot was measured in
three different positions and the mean was calcu-
lated. At the physiological maturity (GS92), each
yield plot was hand-harvested, threshed, dried, and
weighed to determine the grain yield at 13 %
moisture content.

Statistical analysis

Analysis of variance (ANOVA) was done for the
combined data over 3 years. Stem strength and
related traits were analysed at anthesis and 25
DAA, respectively. The significance of each source
of variation was determined by an F-test. The
ANOVA, correlation analysis, and multiple linear
regressions were calculated using the software
Statistical Product and Service Solutions (SPSS
Inc., Chicago, IL, USA).

The absolute (strength gains in Newtons per single-
stalk per year) or exponential (the percentage strength
gain per year) genetic gains of the stem strength and
related traits were estimated using the respective
equations:

yi=a+bx;+u

In(y;) =a+bx;+u

where y; is the mean stem strength of cultivar i, In(y;)

is the natural logarithm of y;, and x; is the year of
release for cultivar i. The intercept of both equations
was estimated by a, while the slope b measured
absolute or exponential stem strength gains; the latter
was converted to a percentage. The residual error was
estimated by u (Ortiz-Monasterio et al. 1997).
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Fig. 2 The reduction of 2.5

stem strength from anthesis
to 25 days after anthesis of
wheat cultivars grown in the
same decade

Reduction of stem strength
(Newtons)

1940s 1950s

Results
The ANOVA of the stem strength and related traits

The ANOVA results (Table 2) showed that there was
no significant (P > 0.05) difference between replica-
tions for all of the traits while the genotypic differ-
ences were significant (P < 0.01) for all. The year
effect was significant for most of the traits except stem
strength and lignin content at anthesis, and a similar
pattern was seen for the genotype x year interaction.
The ANOVA indicated that the results of the exper-
iment were reliable, that differences among genotypes
were significant and that the environment had a strong
effect on most of the traits.
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T T T T T T 1
1960 1970 1980 1990 2000 2010 2020

Year of release

9

1960s 1970s 1980s 1990s 21st

century
Decade

Changes in the stem strength

Stem strength at anthesis increased significantly over
time, ranging from 1.89 Newtons for Florence that was
introduced in 1951 to 5.24 Newtons for Zhoumai 22
released in 2007 (Fig. 1). On average, stem strength at
anthesis had increased yearly by 1.07 % (R* = 0.68,
P < 0.01) or 0.034 Newtons (R2 = 0.64, P <0.01)
over the last 70 years. Stem strength at 25 DAA also
increased significantly, and the average annual genetic
gain was 0.87 % (R* = 0.71, P < 0.01). Stem strength
at25 DAA was reduced as compared to stem strength at
anthesis; this effect was more pronounced for cultivars
developed in the 21st century, which showed a
reduction of 1.96 Newtons (42.7 %) (Fig. 2).
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Fig. 3 Differences in stem diameter (a), stem wall thickness (b) and numbers of large and small vascular bundles (c, d) (at anthesis and

25 days after anthesis) of leading varieties over seven decades

Changes in morphological and anatomical traits
of the stem

Stem diameter at anthesis and 25 DAA increased
significantly over the last 70 years and ranged from
2.65 and 1.79 mm for the landrace Hongheshangtou
(1941) to 4.34 mm for Yumai 49 released in 1998
at anthesis and 3.66 mm for Zhengzhou 761
released in 1976 at 25 DAA, respectively. The
average annual genetic gains in stem diameter were
037% (R*=045 P<005 and 057 %
(R* = 0.59, P < 0.01), respectively (Fig. 3a). Sim-
ilar to the stem diameter, stem wall thickness at the
two growth stages also increased significantly and
the average annual genetic gains were 0.82 %
(R*=0.68, P<001) and 058 % (R> =051,
P < 0.01), respectively (Fig. 3b).

No significant changes were observed in the
average number of large and small vascular bundles
for either growth stage (P > 0.05) (Fig.3c, d),
meaning that the numbers were either stable or
changed only slightly.

Changes in lignin content and cellulose content
of the stem

The results showed that the average stem lignin content
increased significantly with the years of cultivars
release, both at anthesis and 25 DAA (Fig. 4a). Lignin
contents at anthesis ranged from 105.7 mg g~ for the
landrace Hulutou to 247.0 mg g~ ' for Zhoumai 22
released in 2007, and the average annual genetic gain
was 1.14 % (R2 = 0.90, P < 0.01). The lignin content
at 25 DAA was significantly higher than at anthesis,
and the average annual genetic gain was 0.71 %
(R* = 0.86, P < 0.01).

The cellulose content of the stem at anthesis also
increased significantly with the years of cultivars
release, while there was no significant variance in the
cellulose content of the stem at 25 DAA (Fig. 4b). The
cellulose content of the stem at anthesis ranged from
168.5 mg g~ ' for Pingyuan 50 released in 1951 to
236.9 mg g~ for Zhoumai 22 released in 2007, and
the average annual genetic gain was 0.82 %
(R* = 0.80, P < 0.01).

@ Springer
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Fig. 4 Changes in the
average lignin (a) and
cellulose (b) contents of the
stem as measured at two 280
growth stages 260
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Relationship between stem strength and related
traits

Associations among the stem strength and related
traits are shown in Table 3. At anthesis, stem strength
was significantly and positively correlated with stem
diameter, wall thickness, number of large vascular
bundles, lignin content and cellulose content, but not
with the number of small vascular bundles. The values
of the coefficients of determination showed that lignin
content and stem wall thickness had the most
relevance to stem strength. At 25 DAA, stem strength
was significantly associated with all of the traits, and
the lignin content, stem diameter and wall thickness

@ Springer

T T T T T
1960 1970 1980 1990 2000

Year of release

T
2010 2020

had the strongest correlations with stem strength. The
results of the correlation analysis therefore suggested
that stem wall thickness and lignin content had the
greatest effect on the stem strength, and improving
these two traits should significantly increase stem
strength.

Multivariate regression analysis among grain
yield, plant height and the stem strength

The grain yields ranged between 4.48 t ha~' (landrace
Hulutou) and 9.49 t ha™" (Zhengmai 7698 released in
2011), and the average annual genetic gain was
calculated to be 1.03 % (R®> = 0.90, P < 0.01) or
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Table 3 Correlation coefficients between stem strength and related traits measured at two growth stages
Stem Stem Stem wall Number of large Number of small Lignin Cellulose
strength  diameter thickness (B)  vascular bundles (C)  vascular bundles (D) content content (F)
(A) E)
Anthesis A 0.66%*
B 0.79%%* 0.69%*
C 0.53%%* 0.63%* 0.47%*
D 0.16 0.50%* 0.23 0.30
E 0.89%* 0.71%* 0.87%%* 0.53%%* 0.23
F 0.66%* 0.56%* 0.72%%* 0.32 0.23 0.887%
25 A 0.71%*
DAA™ B 65t 0.70%*
C 0.42% 0.53%%* 0.45%
D  0.38* 0.69%* 0.46* 0.21
E 0.90%* 0.68%* 0.74%%* 0.40%* 0.44%*
F —0.54%*% —-0.27 -0.29 —0.40* 0.11 —0.47%*
# 25 days after anthesis
* ** Significance at the P = 0.05 and P = 0.01 levels, respectively
0.069 t ha™! (R2 =0.92, P<0.01) over the last Discussion

70 years (Fig. 5a). While the grain yield increased,
plant height clearly decreased over the same period
(Fig. 5b). Plant height average ranged from 1.37 m
(landrace Dakoumai) to 0.67 m (Aikang 58 released in
2005), with the average annual genetic gain of
—0.96 % (R* = 0.84, P < 0.01).

Multiple regression equations of yield on plant
height (x;) and stem strength (x,) at anthesis and 25
DAA were derived. For measurements made at
anthesis, the multiple regression equation was: y =
—0.678x; + 0.344x, (R*= 0.89, F=104.55 > F )
. For measurements at 25 DAA the regression equation
was: y= —0.559x; + 0.468x, (R*> = 0.92, F = 150.65
> Foo1)-

The equations showed that plant height had a strong
negative association with grain yield, while stem
strength had a smaller but positive association. Thus,
since the 1940s, the reduction of plant height had a
greater effect on raising yields than the improvement
of stem strength. However, the height of modern
wheat cultivars is probably close to the optimal height
and it is unlikely that continued changes in plant
height will achieve further yield improvement.
Instead, more attention should now be paid to the
improvement of stem strength and lodging resistance
so that grain yield can be enhanced further.

Lodging is a complicated phenomenon that is influ-
enced by many factors including rain, wind, soil type,
cropping system, disease and so on. It is one of the
most common factors limiting grain yields, and
lodging resistance has always been an important
consideration in wheat breeding. There are two
patterns of lodging resistance that are resistance to
stem failure and anchorage failure. Resistance to stem
failure is closely related to plant height and stem
strength (Berry et al. 2004). In the process of wheat
genetic improvement, breeders have focused for along
time on breeding for reduced height using dwarfing
genes, and have made great progress in raising wheat
yields worldwide (He et al. 2001; Mathews et al.
2006). The current study suggests that in Henan
Province breeding for reduced height similarly led to
considerable yield improvement over the last seven
decades. In addition, a parallel improvement in stem
strength occurred since the 1940s which also added to
the higher productivity of modern cultivars. The
selection of wheat cultivars with greater lodging
resistance was the primary reason for improvement
stem strength, which was facilitated the selection of
other yield enhancing traits as well, such as large
spikes that can accompany thicker stalks and higher
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Fig. 5 Genetic progress a 10.0 7
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fertilizer application. Lodging resistance remains one
of the major objectives of wheat breeding in the future,
on account of the increasing grain yield. However, it is
unlikely that further yield improvement will be
achieved through height reduction as the height of
modern wheat cultivars is probably close to optimal
(Horton 2000). Therefore, the genetic improvement of
stem strength, specifically, has become more
important.

The current study showed that compared with older
wheat cultivars, the stem walls of modern cultivars are
thicker, and the lignin content is higher. There are
several studies have suggested that stem strength is
closely associated with stem diameter, wall thickness
and the number of vascular bundles (Jezowski 1981;

@ Springer
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Chuanren et al. 2004; Wang et al. 2006). In addition, it
is also closely linked to the lignin content of the stem;
in other words, increasing the lignin content of the
stem can improve the stem mechanical strength
significantly, which has a great effect on stem strength
and lodging resistance (Esechie et al. 2004; Kong et al.
2013; Peng et al. 2014). The results of this study are
consistent with these earlier findings. Lignin is
difficult to be degraded because of its stable chemical
structure, and this is one of the most important factors
limiting the breakdown of the straw residue in the field
(Bugg et al. 2011). The increased lignin content of
stem could lead to slower breakdown of the straw, and
that could be the reason of the straw residue break-
down become more difficult under minimal or no
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tillage. This issue, however, has been realized by
culturist, and the cultivation technique of deep
ploughing taken every 2 or 3 years were applied in
China.

Future breeding for lodging resistance should
continue to select for plants with greater stem strength,
thicker stem wall and higher lignin content in stem
tissue. However, there is little method to evaluate the
stem strength and related traits in the large-scale field
selection, and it should be explored in the future.
Quantitative trait loci (QTL) associated with stem
strength and related traits have been discovered in
recent years (Hai et al. 2005; Ma et al. 2011; Ma and
Liu 2014; Berry and Berry 2015), paving the way for
marker-aided selection of increased stem strength,
stem lignin content and thicker stem walls.

Lodging occurred during grain filling when the ears
were heaviest and when the soil was wet (Crook and
Ennos 1994). In addition, the competing for assimilate
between lower internodes and grains was also could
increase the risk of lodging at the grain filling stage.
The current results showed that the stem strength of
modern wheat cultivars is significantly reduced at 25
DAA compared with anthesis. This could be related to
a large amount of photosynthate being shifted from the
stem to the spike (Berry et al. 2007; Mu et al. 2010;
Foulkes et al. 2011). This result suggests that if we
want to maintain the stem strength at 25 DAA, the
stem photosynthate should not be excessively trans-
ferred; otherwise it will seriously decrease lodging
resistance in the late stage of grain filling. Therefore,
improving the photosynthetic capacity of plant at the
grain filling stage is not only a way to improve the
grain yield, but also an important way to sustain
lodging resistance. There are three approaches to
improve the photosynthetic capacity at the grain filling
stage: (1) improving the post-anthesis photosynthetic
efficiency by crosses with the cultivars with high post-
anthesis photosynthetic efficiency; (2) delaying leaf
senescence to extend the duration of active photosyn-
thesis at the grain filling stage; (3) improving wheat
photosynthetic efficiency under strong light radiation
and high temperature at the grain filling stage, when
the dry hot wind occurs frequently.
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