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Abstract

Lodging is an important limiting factor in wheat because it affects growth, yield and grain quality. Plant growth
regulators (PGRs) are often used to restrain elongation of internodes, improve lodging traits, and protect yield
potentials. An experiment was set up in the greenhouse at the Ottawa Research and Development Centre (ORDC)
to study the effect of the selected PGRs (Manipulator, the active ingredient of which is chlormequat; and
Palisade, the active ingredient of which is trinexapac-ethyl) on yield, stem height and morphological traits in six
spring wheat cultivars (AC Carberry, AAC Scotia, Hoffman, Fuzion, FL62R1, and AW725). Both PGRs reduced
plant height and caused a 6% to 48% reduction in the length of the second basal internode. The mixture of the
two PGRs had a synergistic affect and made the stem shorter. The application of PGRs significantly reduced
lodging, increased stem diameter, thickness, filling degree, and stem strength, and increased leaf relative
chlorophyll content. However, application of PGRs significantly reduced grain yield, and the combination of the
two PGRs (Manipulator and Palisade) had a synergistic effect and lowered the yield. In general, the effect of
Palisade was more evident than that of Manipulator.

Keywords: plant height, lodging, Manipulator, microstructure, Palisade, plant growth regulators, spring wheat,
yield

1. Introduction

Wheat is the leading cereal consumed in the world (Oleson, 1994). The UN predicts that the world population
will grow over the next decades. For this reason, the world needs to increase crop yields through better use of
water and fertilizer in order to guarantee food security and environmental protection (Foulkes et al., 2011).
Wheat lodging reduces harvestability and quality by disrupting the supply and intake of water to the developing
kernels. Lodging-induced reduction of grain yield is reported to range from 7% to 61% (Ref). A good way to
improve yield potential is to optimize dry matter partitioning to the developing spike and grain in order to
increase spike fertility and harvest index while maintain lodging resistance (Foulkes et al., 2011). At the same
time, improving lodging resistance is an essential strategy for increasing the yield. This can be done via either
breeding and selection or the use of PGRs.

Stem lodging results from bending of the basal stem internodes (Baker et al., 1998; Pinthus, 1973). It is defined
as the permanent displacement of cereal stems from the vertical position due to internal and external factors and
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is a common problem in wheat. Stem lodging can be caused by the weight accumulated in heads, wind and basal
internode. Other factors that account for lodging include an abundant supply of nutrients, a high seed rate, and
inappropriate irrigation methods (Berry et al., 2004, 2006; Pinthus, 1973).

The common view is to consider the height of the plant as the main target for preventing lodging (Wiersma et al.,
2011). Many breeders therefore focused on selecting dwarfing genes to reduce lodging susceptibility and
increase potential yields through chemical and agronomic practices. The semi-dwarf cultivars have a larger stem
diameter and wall width that greatly resolved the problem of lodging. However, in some cases, grain yield could
also be decreased if the height is shortened too much (Guoping et al., 2001). The relationship between high
yields and lodging resistance depends not only on plant height, but also on stem structure, photosynthetic
capacities and vascular bundles (Feng et al., 2014). The basal internodes play an important role in lodging
resistance. Cultivation methods need to be improved in order to reduce lodging and increase grain yields further.

The reductions of plant height were associated with reducing elongation of the internodes. PGRs are often used
as an insurance measure to reduce the incidence of lodging by mimicking or changing the production of
hormones, which play an important role in improving stem structure and increasing yields (Berry & Spink, 2012;
Pinthus, 1973). Trinexapac-ethyl simulates the cosubstrate of dioxygenases that compete for the biding site to
inhibit the formation of gibberellin while chlormequat restricts enzymes that involved in gibberellin biosynthesis
(Rademacher, 2000). Chlormequat involves the earlier step and Trinexapac-ethyl inhibits the last stage of
gibberellin metabolism (Srivastava, 2002). Previous studies have reported that the use of PGRs can restrain
internode elongation (Guoping et al., 2001). Pifiera-Chavez et al. (2016) found a positive correlation between
stem strength and diameter and wall width. Spraying PGRs at the right growth stage can improve stem quality,
prevent lodging, and increase crop yields (Cailong et al., 2017). The typical changes caused by the application of
trinexapac-ethyl are a reduction in plant height, an increase in wheat stem diameter and strength, and a darker
green color in leaves (Tolbert, 1960; Zagonel & Fernandes, 2007). Shekoofa and Emam (2008) reported that the
use of PGRs can increase wheat yields, but Zagonel and Fernandes (2007) found that in some instances, the use
of PGRs does not affect yields substantially. The application of chlormequat and paclobutrazol can shorten the
stem length and increase grain yields, while gibberellin has the opposite effect (Rajala & Peltonen-Sainio, 2001;
Pinthus & Rudich, 1967; Wiersma et al., 1986). However, Espindula et al. (2009) found that trinexapac-ethyl at
high rates reduced grain yields.

Most lodging studies have investigated whether wheat height, center of gravity height, stem strength and length,
diameter, and wall thickness (Kelbert et al., 2004; Tripathi et al., 2003) were the dominant parameters affecting
lodging. There are few reports about the underlying mechanism of lodging-related traits. We focus on two
PGRs—Manipulator, the active ingredient of which is chlormequat, and Palisade, the active ingredient of which
is trinexapac-ethyl—to evaluate the individual and combined effects of these PGRs on selected Canadian hard
red spring wheat cultivars in terms of yield, stem structure, relative chlorophyll content, lodging, height, and
stem cell length, width and numbers, which may be influenced by PGRs. The main objective of this study was to
compare the effect of different combinations of PGRs at the beginning of the jointing stage (Zadoks growth stage
31) in order to provide a theoretical basis of optimal combinations to prevent lodging and increase the grain yield
in spring wheat.

2. Materials and Methods
2.1 Plant Material and Experimental Conditions

The experiment was carried out in Ottawa, Canada. Six Canadian spring wheat cultivars (AC Carberry, AAC
Scotia, Hoffman, Fuzion, FL62R1, AW725) were chosen for this experiment, they are all high yielding, and tall
plants of AAC Scotia and AW725. Wheat was planted in a greenhouse at Agriculture and Agri-Food Canada’s
Ottawa Research and Development Centre. The temperatures in the greenhouse were 23 °C during the day and
18 °C at night, and the day and night lengths were 16/8 hours. Wheat was sown by hand at a depth of 2 cm on
November 7, 2016. Pots were filled with a mixture of sand and loam soil. Eight seeds were sown per pot, and
four seedlings were kept after one month. PGRs (Manipulator, Palisade, combination of Manipulator and
Palisade) were applied at the jointing stage (Zadoks growth stage 31). The PGRs were applied in the following
concentrations which were recommended by manufacturer: 1.8 L/ha for Manipulator; 0.88 L/ha for Palisade; 1
L/ha for Manipulator and 0.42 L/ha for Palisade in combination (Palisade EC Syngenta, 2015; Manipulator 620,
2015). The trial used a completely randomized design with four replications for each treatment. Another four
replications that received no PGRs served as the control, which were sprayed with water.
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2.2 Measurements of Stem Morphology Traits

The length, diameter, dry weight, and breaking resistance of the second basal internode and the center of gravity
height and fresh weight of eight main shoots were measured 20 days after the anthesis stage. The diameters of
second basal internodes were measured using a digital caliper accurate to 0.01 mm. The fresh weight of the shoot
included the head, leaf and sheath. The center of gravity height is the length from the base to the balance fulcrum.
Stem breaking resistance was determined by the three-point bending test using a MultiTest 2.5-1 stand
(Mecmesin, Slinfold, UK). Breaking resistance was measured in the center of the second basal internode, which
was aligned horizontally with the middle point between the two fulcra with a length (L) of 5 cm. The breaking
value, displayed in N, was recorded. The filling degree was calculated by dividing the dry weight of the second
basal internode by the length of the second internode. The culm lodging resistance index (CLRI) was calculated
using the following equation:

Breaking resistance strength of second basal internode

Culm lodging resistance index = 1)

Center of gravity height x Fresh weight of shoot
There were four replications for each treatment.

2.3 Analysis of Anatomical Features
2.3.1 Confocal Laser Scanning Microscopy (CLSM)

At about 20 days after the anthesis stage, a cross-section of the second basal internode was cut from the middle
of the internode with binoculars, forceps and a fine razor blade. Sections were stained in calcofluor white (0.08%
in PBS) for 10 min and rinsed in water twice for 5 min. Next, sections were mounted in Fluoromount-G and
observed with a confocal LSM 800 (Carl Zeiss Microlmaging, Gottingen, Germany) equipped with an EC
Plan-NeoFluar 5x/0.16 M27 objective lens. The cellulose, lignin and chlorophyll were visualized using
excitation wavelengths of 405, 488 and 633 nm and emission bands of 410 to 515 nm (blue), 515 to 645 nm
(green) and 645 to 700 nm (red) respectively.

The Tiles module of the Zen 2 software was used to produce images of the entire sample. The thickness of the
stem wall (parenchyma and sclerenchyma were included), the width of the outer radius, and the area of
parenchyma and sclerenchyma were measured. The measurements and the transfer of data to Excel spreadsheets
were performed using the same software.

2.3.2 Brightfield Microscopy

A sample of the second basal internode was cut from the middle of the internode by hand using a fine razor blade
in a longitudinal manner in order to include the epidermis. Sections were fixed in glutaraldehyde 3% in 0.1 M
phosphate buffer at pH 7.2 and stored at 4 °C until they were ready for microscopy. Sections were rinsed in water,
mounted in glycerol, and observed using a Zeiss Z1 Axio Observer inverted bright-field microscope (Carl Zeiss
Microlmaging, Gottingen, Germany) with a Fluar 10x/0.50 M27 objective lens and an AxioCam HR R3 digital
camera.

The length and width of cells and the numbers of cells per 900 pm were measured. The measurements and the
transfer of data to Excel spreadsheets were performed using Zen 2 Lite software from Zeiss.

2.4 Analysis of Agronomic Traits

Agronomic traits measured for this study included relative chlorophyll content, plant height and grain yield
(g/pot). The height of the main shoot was measured at seven-day intervals after PGR spraying until the height
was fixed. Plant height was measured from the base of the shoot to the tip of the ears, excluding awns. The
relative chlorophyll content was recorded at 10-day intervals four times from 10 days after PGR spraying using a
SPAD-502 chlorophyll meter (Konica Minolta Sensing Inc., Osaka, Japan).

2.5 Statistical Analyses

Variables were subjected to one-way analysis of variance (ANOVA), using the GLM procedure of the SAS
software package (SAS Institute, 1989). Treatment means were compared using the least significant difference
(LSD) test at the P = 0.05 level when the effect was significant.

3. Results
3.1 Plant Height and Yield

The most important effect of the PGRs was a reduction in plant height. In this experiment, the height was
measured at seven-day intervals. No lodging occurred in any treatment. Analysis of plant height at different
times showed consistent differences between treatments across all six cultivars (Table 1). The differences
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suggested that PGRs were extremely effective at reducing plant heights. Compared with the control, the plant
height was reduced significantly by the application of the PGRs. The combination of Manipulator and Palisade
produced the shortest plant height, with the rate of reduction ranging from 22% to 48% in different cultivars.
Palisade produced medium heights, and Manipulator reduced plant height the least, with the rate of reduction
ranging from 6% to 33% in different cultivars.

PGRs had significant effects on grain yield (Table 1). Because the wheat was planted in a greenhouse, no lodging
occurred, so the control produced the maximum yield, followed by the application of the combination of
Manipulator and Palisade. Compared with the control, the yield was highest after spraying the combinated PGRs,
which reduced the yield by 33.6%, 5.6%, 16.3%, 17.0%, 6.9%, and 17.8% in AC Carberry, AAC Scotia,
Hoffman, Fuzion, FL62R1, and AW725 respectively, whereas the yield after spraying Palisade strongly
decreased by 45.5%, 41.3%, 22.9%, 37.5%, 14.5%, and 30.9% in these cultivars, respectively. The results
showed that the use of Manipulator and Palisade individually and in combination was effective at reducing
height and yield loss. The effect was more evident with Palisade than with Manipulator.

3.2 Microstructure of Basal Internode

Increasing the proportion of sclerenchyma and parenchyma reinforces lodging resistance. It was clear that the
proportion of sclerenchyma tissue was significantly increased by PGRs among all cultivars (Table 1; Figure 1).
The mixture of the two PGRs led to the biggest proportion, which could enhance lodging resistance in most
cultivars. The application of Manipulator yielded the smallest proportion, but this was still higher than in the
control. The variance of the proportion of parenchyma was similar to what was seen with sclerenchyma (Table 1;
Figure 1), but in comparison with the control, the cultivars differed in terms of which PGR—Manipulator or
Palisade—resulted in less-increased proportions.
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Table 1. Effect of PGRs on plant height at seven-day intervals, and on yield and microstructure of second basal
internode at physiology maturity

Cultivar Treatment 34—'Day 41—'Day 48—'Day 55—.Day Yield PST (%) PPT (%)
Height (cm)  Height (cm)  Height (cm)  Height (cm)  (g/pot)
Control 28.2 48.5 75.0 76.9 31.7 11.0 51.8
Manipulator 26.7 38.8 68.4 71.9 20.7 13.0 56.5
AC Carberry  Palisade 25.7 38.2 59.7 66.8 17.3 14.7 55.4
Manipulator + Palisade ~ 20.5 36.5 53.6 59.5 21.0 14.9 57.8
LSD(P=005) 07 oo 08 06 04 08 07
Control 26.7 45.9 71.3 93.5 332 10.4 49.9
Manipulator 23.2 34.0 51.1 85.4 26.5 10.7 66.0
AAC Scotia  Palisade 22.9 32.0 44.0 69.1 19.5 11.7 68.3
Manipulator + Palisade ~ 21.8 28.3 39.3 58.0 31.3 14.6 81.9
LSD(P=005) 06 09 08 07 03 03 12
Control 25.1 58.9 77.0 115.6 34.1 11.3 76.9
Manipulator 24.7 413 61.3 81.8 27.9 11.7 85.1
Hoffman Palisade 21.2 28.3 47.6 64.9 26.3 12.3 85.3
Manipulator + Palisade ~ 20.5 28.0 45.0 62.4 28.6 13.0 85.6
LSD(P=005) 06 o 07 s 02 02 10
Control 233 473 78.3 99.9 33.9 11.4 57.8
Manipulator 22.8 354 61.6 83.2 24.7 11.7 64.4
Fuzion Palisade 20.1 29.1 41.9 65.2 21.2 12.3 64.5
Manipulator + Palisade  18.1 27.2 38.8 61.3 28.1 12.4 65.3
LSD(P=005) 07 09 09 05 03 05 07
Control 23.7 453 69.2 100.6 272 11.5 479
Manipulator 21.1 31.9 57.2 72.5 24.8 12.7 64.0
FL62R1 Palisade 18.2 26.2 44.4 55.9 233 13.1 63.1
Manipulator + Palisade  17.9 23.5 37.4 51.8 25.4 13.5 64.3
LSD(P=005) 07 08 09 04 02 07 08
Control 22.8 432 70.7 107.1 37.3 11.1 55.7
Manipulator 21.2 34.8 52.2 71.1 28.2 11.4 66.6
AW725 Palisade 19.1 25.0 36.9 65.6 25.8 13.1 66.9
Manipulator + Palisade  17.5 24.5 36.1 55.5 30.7 13.2 66.9
LSD(P=005) 07 07 09 06 o1 09 L1

Note. PST: proportion of sclerenchyma tissue (%); PPT: proportion of parenchyma tissue (%); LSD (0.05): least
significant difference at the 0.05 level.
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900 pm

Manipulator & Palisade Control
Figure 1. Stem anatomy of selected spring wheat lines treated with Manipulator and Palisade vs. control
Note. 1: AC Carberry; 2: AAC Scotia; 3: Hoffman; 4: Fuzion; 5: FL62R1; 6: AW725.
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In comparison with the control, the application of PGRs significantly reduced the length and increased the width
and numbers per 900 pm of the second basal internode cells (Table 2; Figure 1), and the combination of
Manipulator and Palisade produced the smallest length and largest width and numbers. The PGRs reduced cell
length by 37.6% to 52.3%, while increased the width by 11.3% to 22.7%, and the numbers by 35.4% to 88.5%.
The result was consistent with the effect of PGRs on length, diameter and wall thickness and filling degree
between different cultivars.

Table 2. Effect of PGRs on length, width and numbers per 900 um of the second basal internode cells

Cultivar Treatment Length (um) Width (um) Number (per 900 pm)
Control 3433 20.3 2.6
Manipulator 255.9 21.5 32
AC Carberry Palisade 2222 22.6 3.5
Manipulator + Palisade 213.9 249 3.6
LSD(P=0.05) 47 05 or
Control 368.8 16.8 24
Manipulator 261.0 17.5 3.5
AAC Scotia Palisade 200.5 18.6 4.4
Manipulator + Palisade 176.0 19.9 4.6
LSD(P=005) 38 05 oo
Control 349.3 20.8 33
Manipulator 210.3 21.7 43
Hoffman Palisade 190.2 235 4.4
Manipulator + Palisade 177.2 24.4 4.8
LSD(P=005) 54 06 o0
Control 413.9 19.8 22
Manipulator 287.8 21.1 2.9
Fuzion Palisade 255.0 23.1 3.1
Manipulator + Palisade 227.7 243 3.5
LSD (=005 112 04 04
Control 378.9 20.6 2.5
Manipulator 252.6 21.2 2.9
FL62R1 Palisade 221.6 222 3.5
Manipulator + Palisade 190.2 242 3.7
LSD(P=005) 87 05 04
Control 355.3 233 2.5
Manipulator 274.6 24.1 34
AW725 Palisade 243.4 25.1 35
Manipulator + Palisade 221.8 259 3.7
LSD(P=005) 64 05 (X

Note. LSD (0.05): least significant difference at the 0.05 level.

3.3 Morphology and Lodging Traits of the Basal Internode

Lodging resistance depends on stem diameter, stem wall thickness and stem strength. The features in Table 3
were the traits strongly related to lodging resistance. They showed consistent differences between different
treatments across cultivars, and the differences were detected for most traits (Table 3, Figure 1). For the six
cultivars, PGRs significantly reduced the length of the second basal internode and increased its diameter,
thickness, strength, and filling degree. Compared with the control, those traits were reduced to their minimum or
increased to their maximum after the application of the combination of Manipulator and Palisade. Stem strength
was closely associated with lodging resistance, having increased by 93%, 66%, 60%, 52%, 39%, and 105% in
AC Carberry, AAC Scotia, Hoffman, Fuzion, FL62R1, and AW725 respectively.

36



jas.ccsenet.org Journal of Agricultural Science Vol. 9, No. 12; 2017

In comparison with the control, it was apparent that the CRLI was increased by the PGRs, and the application of
the combination of Manipulator and Palisade produced the highest CRLI (Table 3), which means that the
combined application of both PGRs exerted a synergistic effect on the formation of stem structure, and thus thus
displayed better lodging resistance.

Table 3. Effect of PGRs on second basal internode lodging traits

Length Diameter  Thickness  Strength Filling Degree

Cultivar Treatment (cm) (mm) (mm) N) (mg DW om) CRLI
Control 7.4 3.1 0.5 52 10.8 1.5
Manipulator 59 33 0.6 6.5 14.5 2.7
AC Carberry  Palisade 5.5 34 0.7 5.8 14.9 2.9
Manipulator + Palisade 4.3 4.0 0.8 9.9 26.1 3.1
LSD (P=005) 08 or o1 04 04 01
Control 9.9 32 0.6 9.3 16.7 1.5
Manipulator 6.4 33 0.7 10.8 26.2 1.8
AAC Scotia Palisade 4.8 3.5 0.9 11.2 35.7 3.0
Manipulator + Palisade 4.5 3.8 1.7 15.4 48.9 3.5
LSD (P=0.05) 0.6 o1 04 06 02 o1
Control 9.4 3.6 0.9 8.7 28.2 1.6
Manipulator 6.8 3.7 1.2 12.2 254 1.7
Hoffman Palisade 4.8 3.8 1.7 13.6 39.8 3.2
Manipulator + Palisade 4.4 3.9 1.7 13.9 459 4.4
LSD(P=0.05) 0.7 o1 o1 26 03 o1
Control 14.0 3.4 0.6 6.0 19.6 1.2
Manipulator 7.7 3.5 0.7 7.9 21.1 1.2
Fuzion Palisade 5.8 3.6 0.7 9.7 30.4 2.6
Manipulator + Palisade 5.2 3.7 0.9 9.2 33.8 2.6
LSD(P=0.05) 24 o1 o1 08 76 01
Control 13.9 34 0.5 7.7 13.1 1.3
Manipulator 8.6 3.5 0.7 7.7 15.9 1.4
FL62R1 Palisade 6.8 3.8 0.9 11.4 25.8 2.8
Manipulator + Palisade 5.7 43 0.9 10.7 34.0 2.8
LSD(P=005) 14 04 o1 05 35 o1
Control 11.9 32 0.6 7.5 18.7 1.6
Manipulator 5.9 34 0.7 9.6 22.7 1.9
AW725 Palisade 4.8 3.7 0.9 10.5 27.5 3.5
Manipulator + Palisade 4.5 3.9 0.9 15.5 32,5 3.5
LSD(P=0.05) 0.5 o1 03 42 s4 01

Note. CRLI: culm lodging resistance index; LSD (0.05): least significant difference at the 0.05 level.

3.4 Chlorophyll Content

It was obvious that PGRs increased chlorophyll content (Table 4); thus, they promoted photosynthesis to
enhance the accumulation of biomass to strengthen the stem and increase grain yield. Compared with the control,
the application of the combination resulted in the largest value between four treatments, across six cultivars, and
the effect was greater with Palisade than with Manipulator.
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Table 4. Effect of PGRs on chlorophyll content at 10-day intervals

Cultivar Treatment 41 days 51 days 61 days 71 days
Control 47.5 49.2 46.4 42.8
Manipulator 48.2 49.9 47.2 50.4
AC Carberry Palisade 49.2 50.9 47.2 50.8
Manipulator + Palisade 49.8 51.3 50.5 53.8
‘LSD(P=005) 8 08 08 09
Control 48.0 50.7 54.5 55.7
Manipulator 48.2 54.5 54.8 56.3
AAC Scotia Palisade 53.6 56.5 57.7 59.9
Manipulator + Palisade 54.1 56.7 59.8 64.3
LSD(P=005) s 4 o7 o7
Control 47.5 543 54.3 54.8
Manipulator 49.2 553 55.1 56.5
Hoffman Palisade 54.0 58.4 60.3 60.7
Manipulator + Palisade 55.2 59.4 61.9 61.5
LSD(P=0.05) 09 L 09 06
Control 49.1 54.6 54.4 53.5
Manipulator 52.4 54.7 54.6 56.2
Fuzion Palisade 53.9 57.0 59.4 59.9
Manipulator + Palisade 54.2 583 59.5 62.3
LSD(P=005) 0.9 06 07 08
Control 48.0 493 50.7 52.5
Manipulator 49.5 50.7 51.7 523
FL62R1 Palisade 52.6 57.4 59.1 61.4
Manipulator + Palisade 533 60.9 60.0 61.2
LSD(P=005) 09 09 06 07
Control 51.3 56.1 60.5 58.6
Manipulator 51.9 60.3 61.3 64.7
AW725 Palisade 56.7 62.9 63.7 65.0
Manipulator + Palisade 57.6 63.5 65.2 67.7
LSD(P=005) 09 o8 7 09

Note. The relative chlorophyll content was recorded at 10-day intervals four times from 10 days after PGR
spraying; LSD (0.05): least significant difference at the 0.05 level.

4. Discussion

Lodging causes a major loss in cereal yields and limits crop productivity, which is an important problem in crop
production. Lodging is reported to be the primary cause of reduced grain yields in wheat (Stapper & Fischer,
1990; Acreche & Slafer, 2011). It is well established that there is a strong relationship between plant height and
lodging. Wang et al. (2012) reported that plant height is a significant morphological feature in lodging. The
greater the height, the more susceptible the plant is to lodging (Li et al., 2011). However, many studies have
found that plant height is not the only trait related to lodging. Individual features cannot replace lodging
assessment. Mukherjee et al. (1967) and Zuber et al. (1999) observed no association between height and lodging;
shortening the height may even lead to reduced biomass production and hence may affect the yield (Stewart et al.,
2003; Islam et al., 2007).

Dunn and Briggs (1989), and Wang and Hu (1991) reported that sclerenchyma were significantly associated with
lodging resistance. In the studies of Stanca et al. (1979), there was no association between stem diameter or wall
thickness of basal internodes. Over time, however, anatomical structural aspects, such as stem diameter, stem
wall thickness, and CRLI, have also been observed to have important implications for the risk of lodging, as has
the filling degree (Islam et al., 2007). Kelbert et al. (2004) reported that plant height and the length of basal
internodes were the two main traits related to lodging, and some studies have found that the length, diameter, and

38



jas.ccsenet.org Journal of Agricultural Science Vol. 9, No. 12; 2017

wall thickness of basal internodes are significant traits to convey lodging resistance (Sameri et al., 2009; Yao et
al., 2011). The CRLI acts as an important trait to evaluate lodging resistance (Dianliang et al., 2014). Beem et al.
(1998) observed that the lowest two internodes were related to lodging resistance.

PGRs are chemical mixtures that suppress elongation or extension of crop internodes, thus reducing height and
center of gravity height and improving other lodging traits to reduce the risk of lodging. Height reduction has
been reported as an effect of PGRs by many researchers. Okuno et al. (2014) considered that gibberellin greatly
reduced the height and center of gravity to increase lodging resistance. A similar trend was found with ethephon
and chlormequat chloride (Espindula et al., 2009). The trinexapac-ethyl had longer persistence in inhibiting
gibberellin biosynthesis to decrease dry matter production and internode length (Zagonel et al., 2002), and the
Chlormequat reduced the amount of active gibberellin (Bode & Wild, 1984). In the present study, the data clearly
demonstrated that the crop height was significantly reduced, which was consistent with previous studies (Cailong
et al., 2017). Palisade was more effective at reducing height than Manipulator, a finding that was in line with
Espindula et al. (2009), and the combination of the two PGRs reduced the height substantially. The use of
Manipulator and Palisade individually and in combination significantly improved lodging traits, increased the
strength of second basal internode (Table 2, Figure 1), and, in the same way, enhanced lodging resistance at the
anatomical level (Table 3, Figure 1). The application of the two PGRs in combination resulted in better lodging
factors and yields than the individual PGRs and the control.

Biomass supports dry matter growth and yield formation (Berry et al., 2012). Some researchers have explained
that biomass for lodging resistance was competed with that for yield determination (Berry et al., 2006;
Pifiera-Chavez et al., 2016). Chlormequat has been found to reduce the stem dry matter and affect the yield
(Tinoco, 2005). In the experiments of Espindula et al. (2009) and Zagonel et al. (2002), chlormequat and
trinexapac-ethyl did not affect the yield, while ethephon and chlormequat chloride alone and in a mixture were
observed to increase the grain yield in field experiments (Shekoofa & Emam, 2008; Merry et al., 2015).
Paclobutrazol reduced the grain yield under non-lodging conditions (Dianliang et al., 2014). In consequence,
whether or not spraying PGRs reduces the yield depends on the lodging conditions. No lodging occurred in this
study, and the trait associated with lodging was strength (Table 2, Figure 1). The yield after PGR application was
significantly reduced compared to the control (Table 1), possibly as a result of the redistribution of biomass
during grain filling. The combination of PGRs produced a higher yield than the individual PGRs, a finding in
agreement with the observations of Rolston (2014), although they were all lower than the yield of the control.
The yield with Palisade was higher than the yield with Manipulator, which was contrary to Espindula et al.
(2009). Lodging results in lower relative chlorophyll contents (Foulkes et al., 2011). Kerber et al. (1989) found
that Trinexapac-ethyl does not affect the photosynthesis, however, in some experiments, the application of
chlormequat and trinexapac-ethyl could increase photosynthesis rates and relative chlorophyll contents (Zagonel
& Fernandes, 2007), especially in drought conditions (Woznica Z, 1981) The data of the present study indicated
that the application of Manipulator and Palisade, both individually and in combination, may increase chlorophyll
contents.

The literature has repeatedly shown that PGRs can reduce plant height and increase crop grain yield in the field.
In this study, the application of Manipulator and Palisade individually and in combination decreased the wheat
height and lodging, and reduced the grain yield in some degree, beyond that, they enhanced the stem strength
and increased the wall thickness as well. Overall, the application of Palisade and Manipilator, individually or in
combination to decrease crop lodging and protect yield potential under lodging-prone conditions would be a
good strategy. Further investigation is needed to study the mechanism of combined PGRs response of lodging in
wheat.
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