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Abstract

Shading in agroforestry systems reduces light availability and increases the risk of lodging,
limiting wheat (Triticum aestivum L.) yield. A two-year field experiment was conducted to
assess the effects of chlormequat chloride (CCC) on wheat stem morphology, carbohy-
drate metabolism, lignin biosynthesis, lodging resistance, and yield under four shading
intensities (S0: natural light; S1: 10% — 25% shading; S2: 20% — 50% shading; S3: 30% —
75% shading) from jointing to maturity stage. Shading resulted in taller plants with in-
creased center of gravity, thinner stems, and reduced lignin, cellulose, and soluble sugar
content, weakening stem-breaking strength and reducing yield. CCC application de-
creased internode length, increased stem solidity, and enhanced lignin and cellulose ac-
cumulation, as well as lignin biosynthesis enzyme activity. These changes improved stem-
breaking strength and lodging resistance. Moreover, CCC significantly increased wheat
yield by 2.7% to 23.3% (p < 0.05) depending on the shading intensity, and there was a
significant interaction between shading intensity and CCC application on wheat grain
yield (p < 0.05) The results demonstrate that CCC application can mitigate shading-in-
duced yield loss by enhancing lodging resistance and improving stem integrity under the
artificial-shading conditions evaluated in this study. Its effectiveness in actual agrofor-
estry systems requires further field validation.

Keywords: Triticum aestivum; shading; chlormequat chloride (CCC); stem morphology;
lodging resistance; lignin biosynthesis; carbohydrate metabolism

1. Introduction

Wheat (Triticum aestivum L.) is one of the world’s most important staple crops, serv-
ing as the primary food source for over one-third of the global population. As the physi-
ological foundation of wheat growth, photosynthesis plays a pivotal role in regulating
both its morphological development and overall productivity [1]. Alley cropping agrofor-
estry systems—where trees are planted in rows within croplands or pastures—have
gained widespread adoption globally, with particularly extensive implementation in
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southern Xinjiang, northwestern China [2]. However, as trees mature and their canopies
expand, they create pronounced spatial and temporal heterogeneity in understory light
availability [3]. The resulting competition for light can restrict crop growth and substan-
tially reduce the yield of associated understory crops [4].

Insufficient light exposure induces substantial alterations in the internal structure of
wheat culms, characterized by increased plant height and center of gravity, accompanied
by reductions in stem diameter, wall thickness, and tissue solidity. These morphological
changes collectively diminish culm mechanical strength and thereby elevate the risk of
lodging. The culm plays a critical role in nutrient translocation, storage, and mechanical
support. Previous studies have demonstrated that traits such as plant height, internode
length, stem diameter, wall thickness, and culm solidity are closely associated with lodg-
ing resistance [5]. Lodging remains one of the principal constraints on wheat yield, grain
quality, and harvest efficiency, with culm resistance significantly influenced by the degree
of shading [6]. It has been shown that under shaded conditions, the accumulation of pho-
tosynthetic assimilates is markedly reduced, leading to diminished culm solidity at basal
internodes, thinner stems and walls, and consequently, a significant decline in both bend-
ing strength and culm lodging resistance index

Wheat stems represent a natural organic polymer primarily composed of lignin and
cellulose. As a critical structural component, lignin accumulates within the cell wall and
substantially enhances stem rigidity, compressive strength, and mechanical support [7].
The lignin content in stems is closely associated with lodging resistance; in grasses, ap-
proximately 20% of the secondary cell wall is constituted by lignin [8]. Empirical evidence
suggests that enhancing the activity of lignin biosynthetic enzymes promotes lignin dep-
osition in the stem, thereby reinforcing mechanical strength and reducing the risk of lodg-
ing [9]. Moreover, the application of gibberellin (GA) inhibitors has been shown to effec-
tively restrict stem elongation, resulting in increased stem solidity, diameter, and wall
thickness. These morphological changes collectively contribute to improved stem strength
and significantly enhanced lodging resistance [10]. CCC is a classic gibberellin (GA) syn-
thesis inhibitor, which inhibits the key enzyme in the GA synthesis pathway (ent-kaurene
oxidase), reduces the endogenous GA content of wheat, delays cell elongation in stem
internodes, suppresses vegetative growth, and promotes the accumulation of photosyn-
thetic assimilates in reproductive organs and stem structural components [11]. CCC func-
tions by delaying cell elongation, suppressing vegetative growth, promoting reproductive
development, increasing stem robustness, and shortening internode length, ultimately
leading to reduced plant height. Recent studies have demonstrated that foliar application
of plant growth regulators can significantly reduce the plant height, thereby enhancing
their resistance to lodging [11]. It has been observed that the application of plant growth
regulators enhances the activity of key enzymes involved in lignin biosynthesis, such as
phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase (TAL), thereby increas-
ing the lignin content in the internodes [12]. These biochemical alterations enhance the
mechanical properties of wheat stems, thereby increasing their resistance to bending and
breakage under environmental stresses such as strong winds or heavy rainfall [13]. Zhang
etal. further reported that CCC application at the stem elongation stage markedly reduced
both plant height and the height of the plant’s center of gravity, with a more pronounced
effect compared to applications during the green-up or jointing stages [14].

Although the independent effects of shading on wheat lodging and yield and of
chlormequat chloride (CCC) on plant height and stem-breaking strength have been well
documented, two important questions remain unresolved. First, it is unclear whether the
effectiveness of CCC is maintained, enhanced, or diminished as shading progressively
intensifies during wheat development. Second, few studies have simultaneously exam-
ined how CCC-induced changes in basal-internode morphology are coordinated with
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soluble and structural carbohydrates, lignin-biosynthesis-related enzyme activities, stem
mechanical performance, and yield formation under low-light stress. This knowledge gap
limits our understanding of whether CCC merely shortens plants or produces a broader,
shading-dependent coordination of structural, biochemical, and agronomic responses.
Therefore, a two-year split-plot field experiment with four stage-dependent artificial-
shading regimes was conducted to quantify the shading x CCC interaction. The unique
contribution of this study is the integrated evaluation of basal-internode morphology, car-
bohydrate accumulation, lignin-biosynthesis-related enzyme activities, lodging resistance,
yield components, and grain yield across a progressively intensified shading gradient.
Specifically, we aimed to determine whether the agronomic response to CCC depended
on shading severity and to identify the measured traits associated with the maintenance
of stem-breaking strength and grain yield.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted over two consecutive winter wheat growing seasons
(2020-2022) in the 9th village of Bosikaimu Township, Zepu County, Kashgar region, Xin-
jlang (77°16" E, 38°10" N). The study area is located at an elevation of 1266 m, with an
annual mean temperature of 11.6 °C, an average annual precipitation of 54.8 mm, and a
growing degree-days (=0 °C) accumulation of 4183 °C. The region receives an annual solar
radiation of 5300-6200 MJ-m=, with a total annual sunshine duration of approximately
2900 h. The average frost-free period is 212 days, and the annual potential evapotranspi-
ration reaches 2079 mm, classifying it as a typical arid climate zone. The soil texture is
sandy loam, and the initial soil nutrient content at depths of 0-20 cm and 20—40 cm is
detailed in Table 1.

Table 1. Soil basic property information of the experimental site.

Alkaline Hy-
Organic . Total Phos- alne y Available Available Po-
. Total Nitro- Total Potas- drolyzed Ni- .

Soil Depth  Matter gen (g:kg") phorus sium (g-kg") trogen Phosphorus tassium pH

. ~1 . -1 . -1 . -1

(g'kg?) (g'kg? (mg-ke) (mg-kg?) (mg-kg?)
0-20 cm 13.61 0.74 0.95 19.18 45.29 17.37 110.57 8.47
20-40 cm 13.18 0.53 0.91 19.54 38.27 10.48 98.78 8.81

2.2. Experimental Design

A split-plot experimental design was implemented under field conditions with drip
irrigation. The main plots corresponded to different shading treatments, simulated using
black nylon mesh (composed of nylon-66 synthetic fibers) with customized light transmit-
tance levels, fabricated by the Junmin Screen Factory in Lugiao, Taizhou. Shading was
applied from the jointing to the maturity stage of winter wheat. Based on the phenological
stages of the fruit trees and the growth periods of wheat, four variable shading treatments
were set: SO: Natural light (NL); S1: 10% shading from jointing to 25% shading at heading;
52: 20% to 50% shading; S3: 30% to 75% shading. Subplots were assigned to different ap-
plication rates of chlormequat chloride (CCC) (Guoguang, Sichuan Guoguang Agrochem-
ical Co., Ltd., Chengdu, China), with two levels: a water-only control (CK), and CCC ap-
plied at 4500 mL-hm2 during the erecting stage and 3000 mL-hm=2 during the jointing
stage (ST), each diluted in 300 L-hm2 of water. The stage-specific CCC application rates
were selected according to local agronomic recommendations for winter wheat produc-
tion in southern Xinjiang. The two rates represented sequential applications within the
same ST treatment rather than two independent CCC-rate treatments. A total of eight
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treatment combinations were established, each replicated three times. The plot size was
12 m? (3 m x 4 m), with 0.5 m buffer zones between adjacent plots. The winter wheat cul-
tivar used was ‘Xindong 60, sown at a rate of 270 kg-hm=2 with a row spacing of 20 cm.
All other agronomic practices were uniformly applied across treatments.

2.3. Plant Sampling and Measurements

Morphological traits of the basal internodes: At maturity, ten representative wheat
plants were randomly sampled from each plot. The length and diameter of the second
basal internode were measured using a ruler and a digital caliper with a precision of 0.01
mm. The dry weight of the internode was then determined using an analytical balance
with an accuracy of 0.1 mg. Stem filling degree (FD) was calculated as the ratio of stem

dry weight to stem length, using the following equation [15]:
_ Stem dry weight (mg)

Stem length (cm)

Plant Architectural Characteristics: At the flowering stage of winter wheat, plant
height (PH) and center of gravity height (CGH) were measured using a ruler. Plant height
was defined as the vertical distance from the stem base to the tip of the spike, while center
of gravity height was measured as the distance from the stem base to the balance point of
the stem.

Breaking strength and culm lodging resistance index (CLRI): At the flowering stage
of winter wheat, stem-breaking strength was measured for different treatments. The
plants were fixed at the base, and the YYD-1 stem strength tester (Top Instrument Co.,
Ltd., Zhejiang, China) was used to apply force vertically at the mid-point of the internode.
The maximum reading on the force gauge at the moment of stem fracture was recorded
as the stem’s breaking strength.

Breaking strength of basal second internodes

CLRI =
Height of plant gravity center

Biochemical Composition of the Stem: At the flowering stage, the samples were
taken from plants with uniform growth in each measurement and stored at —80 °C. At the
flowering stage, ten uniformly growing single-stem wheat plants were selected from each
plot. The second basal internode was excised, and the leaf sheath was removed. Samples
were immediately snap-frozen in liquid nitrogen for 15 min and then stored at -80 °C until
analysis. The contents of lignin, cellulose, glucose, sucrose, and fructose were determined
using commercial assay kits provided by Shanghai Enzyme-linked Biotechnology Co., Ltd.

Lignin Biosynthesis Enzyme Activities: At the flowering stage, samples were col-
lected for the determination of key enzyme activities involved in lignin biosynthesis. Ten
single-stem wheat plants with uniform growth were selected from each plot, and the sec-
ond basal internodes were excised after removing the leaf sheaths. Samples were imme-
diately frozen in liquid nitrogen for 15 min and then stored at —80 °C until analysis. The
activities of phenylalanine ammonia-lyase (PAL), tyrosine ammonia-lyase (TAL), cin-
namyl alcohol dehydrogenase (CAD), 4-coumarate:CoA ligase (4CL), and cinnamate 4-
hydroxylase (C4H) were determined using commercial assay kits provided by Shanghai
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China), following the manufacturer’s
instructions. All kits were validated (coefficient of variation <5%), with three technical
replicates per sample; measurement accuracy was 0.01 U-g' FW for PAL/TAL/C4H, 0.001
U-mg' FW for 4CL, and 1 U-g' FW for CAD. Enzyme activity was expressed in terms of
the amount of product formed per unit time and tissue mass (e.g., U-g"! FW).

Grain Yield and Yield Components: At maturity, two representative wheat sample
segments (1 m x 2 rows) were selected from each plot for indoor yield component analysis,
including measurements of effective spike number, grains per spike, and thousand-grain
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weight (TGW). A harvest area of 4 m? (2 m x 2 m) per plot was used to determine actual
grain yield.

2.4. Statistical Analysis

Data were analyzed separately for each sampling date and growing season using
split-plot ANOVA in SPSS 18.0; no combined analysis across growing seasons was per-
formed. Shading and CCC were treated as the main-plot and subplot factors, respectively,
with block and block x shading as random effects. Residual normality and homogeneity
of variance were assessed using the Shapiro-Wilk and Levene’s tests. When the omnibus
F-test was significant, Fisher’s protected LSD test was used for pairwise comparisons at p
< 0.05. Plot means were treated as biological replicates (1 = 3). Pearson correlations were
calculated using the two-year means of the eight treatment combinations (n = 8), without
treating plant or technical subsamples as independent observations. Correlation analysis,
PCA, and graphing were performed using Origin 2021.

3. Results
3.1. Plant Height, Center of Gravity Height and Single Plant Biomass

Plant height, center of gravity height, and individual plant biomass were significantly
affected by varying shading treatments and CCC application rates across two growing
seasons (Figure 1). No significant differences in PH or CGH were observed between the
two growing seasons. Compared with the SO condition, ST treatments resulted in in-
creases of 1.40~5.87% in plant height and 4.33~18.27% in CGH. In contrast, relative to the
CK, ST treatment significantly reduced PH and CGH by 2.20~4.52% and 1.51~6.29%, re-
spectively (p < 0.05). The suppressive effect of ST on both PH and CGH generally intensi-
fied with increasing shading intensity. Under increasing levels of shading, the individual
aboveground biomass of wheat declined progressively. Foliar application of CCC par-
tially mitigated this reduction by enhancing individual plant biomass to varying degrees
under different shading conditions. The promotive effect of CCC on biomass accumula-
tion exhibited a non-linear trend, decreasing initially and then increasing as shading in-
tensity rose.

3.2. Morphological and Mechanical Traits of the Second Basal Internode and Culm Lodging
Resistance Index

Second-basal-internode length, diameter, and structural solidity were influenced by
varying shading intensities and CCC application rates across both growing seasons (Fig-
ure 2). Compared to the 2020~2021 growing season, the 2021~2022 season exhibited in-
creased second-basal-internode length and diameter, accompanied by a reduction in stem
solidity. Internode length demonstrated a consistent increase with escalating shading in-
tensity, while CCC application significantly reduced internode length in both seasons.
Under different shading conditions, CCC shortened the second basal internode by
15.40~20.38% relative to the CK (p < 0.05). Conversely, internode diameter showed a de-
creasing trend as shading intensity increased. Notably, under ST treatment, internodes
were shorter and thicker, with enhanced stem solidity. As a consequence, both stem-
breaking strength and culm lodging resistance index were elevated under ST treatment
(Figure 3). However, increasing shading levels led to a gradual decline in stem mechanical
strength and lodging resistance. In general, both stem-breaking strength and culm lodg-
ing resistance index were higher in the 2021~2022 season than in 2020~2021. Across both
growing seasons, the positive regulatory effect of CCC on stem-breaking strength tended
to diminish with increasing shading intensity.
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Figure 1. The effects of shading treatments and chlormequat chloride rates on plant height, center

of gravity height and single plant biomass. SO, Natural light; S1, 10% shading from jointing to 25%
shading at heading; 52, 20% to 50% shading; S3, 30% to 75% shading. CK, water control; ST, CCC
applied at 4500 mL-hm2 during the erecting stage and 3000 mL-hm during the jointing stage. Each

point represents a measurement from one individual plant. For each treatment in each growing

season, 10 plants were measured in each of three independent replicate plots, resulting in 30 plotted

observations per treatment. The horizontal line represents the mean of the 30 individual measure-

ments. For statistical analysis, the mean of the 10 plants within each plot was treated as one biolog-

ical replicate (1 = 3).
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Figure 2. The effects of shading treatments and chlormequat chloride rates on the length, diameter

and filling degree of the second basal internode, with individual data points overlaid to illustrate

variation within each group. SO, Natural light; S1, 10% shading from jointing to 25% shading at
heading; S2, 20% to 50% shading; S3, 30% to 75% shading. CK, water control; ST, CCC applied at
4500 mL-hm™2 during the erecting stage and 3000 mL-hm2 during the jointing stage. Each short ver-

tical point represents a measurement from one individual plant. For each treatment in each growing

season, 10 plants were measured in each of three independent replicate plots, resulting in 30 plotted

observations per treatment. The width of each violin represents the kernel density distribution of

the 30 individual measurements, and the blue dot indicates their mean. For statistical analysis, the

mean of the 10 plants within each plot was treated as one biological replicate (1 = 3).

https://doi.org/10.3390/agronomy16151418


https://doi.org/10.3390/agronomy16151418

Agronomy 2026, 16, 1418 8 of 18

2020-2021 2021-2022
0.3
0\ O\ I:I CK 40.3
9 st
15 L e 15 - e
. T~ _aga a \o §
g a /h \o ® Z a [5] b \o °
= _I_ ab 0 c 102 g S @l L c {02 2
iy ab c = = < = d 1™ =
58 ml | 2F b & £ ) = d & =
£ 10- - 2 2 10- + z
£ g = 5
2 2 2 2
£ B £ &
3 101 8 3 {013
5 5 E = 5 E
p— m —
= =
@) @]
0 0.0 0 0.0
SO S1 S2 S3 SO S1 S2 S3

Figure 3. The effects of shading treatments and chlormequat chloride rates on breaking strength and
culm lodging resistance index in the 2020-2021 and 20212022 growing seasons. Values are pre-
sented as means + SD of three independent plot replicates (n = 3). SO, Natural light; S1, 10% shading
from jointing to 25% shading at heading; S2, 20% to 50% shading; S3, 30% to 75% shading. CK, water
control; ST, CCC applied at 4500 mL-hm during the erecting stage and 3000 mL-hm during the
jointing stage. The bar plot represents the breaking strength (left Y-axis) and the line plot represents
the culm lodging resistance index (right Y-axis). The bar chart shows the breaking strength for each
treatment group, with error bars indicating the standard deviation. The blue data points represent
the mean culm lodging resistance index of wheat under different shading treatments. Lowercase

letters indicate significant differences at p < 0.05 (LSD test).

3.3. Contents of Lignin, Cellulose, and Soluble Sugars

Stem carbohydrate content in wheat exhibited a declining trend with increasing
shading intensity, whereas foliar application of CCC significantly promoted carbohydrate
accumulation in the stem (Figure 4). This trend was consistent across both the 20202021
and 2021-2022 growing seasons. Compared with the natural light (S0) treatment, various
levels of shading led to reductions in both lignin and cellulose contents within the stem.
In contrast, relative to the control (CK), CCC application (ST) resulted in an average in-
crease of 8.55% in lignin content and 7.25% in cellulose content across different shading
conditions (p < 0.05). Although soluble sugar content declined progressively with increas-
ing shading intensity, the magnitude of this reduction varied considerably among differ-
ent sugar types, indicating differential sensitivity to light availability. Across both grow-
ing seasons, increasing shading progressively reduced lignin, cellulose, and soluble sugar
contents. CCC partially alleviated these reductions under all shading treatments, alt-
hough the magnitude of its effect varied among shading intensities and carbohydrate
components.
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Figure 4. The effects of shading treatments and chlormequat chloride rates on lignin, cellulose, su-
crose, fructose and glucose content at the flowering stage and 20 days after flowering in the 2020—
2021 and 2021-2022 growing seasons. Values are presented as means + SD of three independent plot
replicates (1 =3). SO, Natural light; S1, 10% shading from jointing to 25% shading at heading; S2, 20%
to 50% shading; S3, 30% to 75% shading. CK, water control; ST, CCC applied at 4500 mL-hm=2 during
the erecting stage and 3000 mL-hm2 during the jointing stage. The vertical bars represent the stand-
ard error of the mean (1 = 3). The lowercase letters indicate significant differences at p <0.05 (LSD
test).
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3.4. Activities of Lignin-Biosynthesis-Related Enzymes

The activities of enzymes related to lignin biosynthesis were affected by shading
treatments and CCC application during both growth seasons (Table 2). The interactions
between shading treatments and CCC application on PAL, TAL and CAD content at the
flowering and 20-days-after-flowering stages during 2020-2021 and on PAL, TAL and
C4H content at the flowering stage and on CAD and C4H content at the 20-days-after-
flowering stage during 2021-2022 were all significant. The activities of enzymes related to
lignin biosynthesis were lower in 2020-2021 and higher in 2021-2022. The PAL and C4H
content at the flowering stage were lower compared with the 20-days-after-flowering
stage, and the TAL, 4CL and CAD content at the flowering stage were higher compared
with the 20-days-after-flowering stage. Compared with the CK, CCC application in-
creased the activity of enzymes related to lignin biosynthesis. The mean data for the two
years indicated that ST treatments improved PAL, TAL, 4CL, CAD and C4H content by
11.65, 8.69, 21.67, 9.83 and 19.26% respectively.

Table 2. Effects of shading treatments and chlormequat chloride rates on phenylalanine ammonia-
lyase (PAL, U-g' FW), tyrosine ammonia-lyase (TAL, U-g' FW), 4-Coumarate-CoA Ligase (4CL,
U-g1 FW), Cinnamaldehyde Dehydrogenase (CAD, U-g! FW) and cinnamate 4-hydroxylase (C4H,
U-g' FW) at flowering stage and 20 days after flowering of wheat in 2020-2021 and 20212022 grow-

ing seasons.

. Chlormequat  PAL(U-g' FW) TAL(U-g1 FW) 4CL(U-mg1 FW) CAD(U-g' FW) C4H(U-g' FW)
Year Shading Chloride
Treatment Rate FS 20DAF FS 20DAF FS 20DAF FS 20DAF FS 20DAF
S0 CK 5713b  6240b 56.20b 51.60b 5.87b 543 ¢ 1207.00b  1094.00 b
S0 ST 6410a 70.13a 6027a 54.83a 690a 6.33a 1294.67a 1170.67 a
S1 CK 51.33¢  55.60c 5290c  48.87c 5.07c 477 d 1086.33d  984.33d
S1 ST 57.63b  61.73b  5553b  51.47b 6.10b 5.80 b 1111.33 ¢ 1038.00 c
S2 CK 4210e  4457e 48.00d 4540e 4.10d 3.80 f 896.67f  821.00f
S2 ST 4773d  5037d 5237c 4720d 5.10c 477 d 999.67e  919.00 e
S3 CK 3630g 3957g 4037e 3873f 3.07e 3.00g 811.33g 74533 g
S3 ST 3956f  4230f 4740d 4447e 4.13d 421e 904.00f  823.00 f
2020 Average
2021 S0 60.61a  66.27a 5823a 53.22a 6.38a 5.88a 1250.83a 1132.33a
S1 5448 ab 58.67ab 5422a 50.17a 558ab  528ab  1098.83 ab 1011.17 ab
52 4492bc  4747bc 50.18ab 46.30ab 4.60ab 428ab  948.17bc  870.00 bc
S3 3793¢c  4093c 4388b  41.60b 3.60Db 3.60 b 857.67c 78417 c
CK 46.72b  50.53b  49.37b  46.15b 4.53b 425b 1000.33b  911.17b
ST 5226a 56.13a 53.89a 4949a 556a 528 a 1077.42a  987.67 a
ANOVA
S *% *% *% *% *% *% *% *%
C *% *3% *3% *3% *% 3% 3% *3%
s X C * * * *3% ns ns 3% *3%
S0 CK 61.67b  6447b 5893b  5480c 6.23c 6.07b 122533b 1078.33b 229.00c 238.33 ¢
S0 ST 6857a  7233a 6l47a 5997a 7.77a 6.63 a 1307.33a 1221.33a 269.00a 310.67 a
S1 CK 5520c  5850c 5547c¢ 51.53d 550d 533 ¢ 1102.00d  949.00c 202.67d 222.33d
S1 ST 61.83b  6640b 59.73ab 56.63b 6.57b 5.90 b 1195.00c 1088.00b 237.00b 270.67 b
S2 CK 4577e  49.07e 5297d 47.83e 4.33f 3.77e 92733f 81833e 166.67f 187.00e
S2 ST 51.23d 5573d 5477c¢ 5137d 547d 4.67d 1042.33e  943.00c 193.00e 221.00d
S3 CK 3993g 4160g 4577e  4240f 370g 3.20f 846.67g  742.00f 130.67h 14933 g
2021 S3 ST 43.03f  4640f 5143d 4753e 493e 3.83e 924.67f 847.00d 151.00g 169.33f
2022 Average
S0 65.12a  6840a 6020a 5738a 7.00a 6.35a 1266.33a 1149.83a 249.00a 27450a
51 5852ab 6245ab 57.60a 54.08ab 6.03 ab 562a 114850 ab 1018.50 ab 219.83 ab 246.50 ab
52 48.50bc  52.40bc 53.87ab 49.60ab 4.90 ab 422b 984.83bc  880.67b 179.83 bc 204.00 ab
S3 4148c  4400c 4860b  4497b 4.32Db 3.52b 885.67c  79450b 140.83c 159.33Db
CK 50.64b  5341b 5328b 49.14b 494b 459b 1025.33b  896.92b 182.25b 199.25b
ST 56.17a  60.22a 56.85a 53.88a 6.18a 5.26a 1117.33a 1024.83a 21250a 24292a
ANOVA
S *% *% 3% *% *% 3% 3% 3% *% *%
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C - - - - - - - - - -
SxC * ns * ns ns ns ns ** ** **
S0, Natural light; S1, 10% shading from jointing to 25% shading at heading; S2, 20% to 50% shading;
53, 30% to 75% shading. CK, water control; ST, CCC applied at 4500 mL-hm= during the erecting
stage and 3000 mL-hm™2 during the jointing stage. Values are means of three replications, and dif-
ferent lowercase letters within a column indicate significant different at p <0.05 (LSD test). ANOVA
indicates analysis of variance; * and ** indicate the 5 and 1% probability levels, respectively; ns in-
dicates non-significance.
3.5. Grain Yield and Yield Attributes
The shading treatment and CCC application significantly affected spike number,
number of grains per spike, thousand-grain weight and grain yield during the 2020-2021
and 2021-2022 growing seasons (Table 3). The interactions between shading treatments
and CCC application on number of grains per spike, thousand-grain weight and grain
yield during 2020-2022 were all significant. The spike number, number of grains per spike
and grain yield were higher in 2020-2021 and lower in 2021-2022. The ST treatment sig-
nificantly improved spike number, number of grains per spike, thousand-grain weight
and grain yield. The spike number, number of grains per spike, and thousand-grain
weight all exhibited a declining trend with increasing shading intensity. The grain yield
reached its minimum under the S75 shading level. The mean data for the two years
showed that treatments SOST, S1ST, S2ST and S3ST improved spike number (by 1.13, 1.58,
0.58 and 1.51%, respectively), number of grains per spike (by 4.94, 8.99, 7.05 and 9.14%,
respectively), thousand-grain weight (by 2.48, 1.52, 5.95 and 9.41%, respectively), and
grain yield (by 3.35, 10.03, 17.48 and 16.68%, respectively) compared with the SOCK, S1CK,
S52CK and S3CK treatments.
Table 3. Effects of shading treatments and chlormequat chloride rates on spike number (SN,104
hm2), number of grains per spike (NGS), thousand-grain weight (TGW, g) and grain weight (GY,
kg hm) in 2020-2021 and 2021-2022 growing seasons.
Year Shading Treat- Chlor.mequat SN NGS TGW GY
ment Chloride Rate (10* hm) (g) (kg hm~)
S0 CK 649.92 ab 4320 b 40.12b 8328.72 b
S0 ST 651.11a 44.53 a 40.96 a 8552.90 a
S1 CK 632.11 ¢ 33.28d 34.80 c 5450.80 d
S1 ST 636.86 bc 35.53 ¢ 35.10 c 5840.90 ¢
52 CK 609.21d 28.44 £ 30.88 e 4009.51 f
52 ST 613.70 d 30.08 e 32.29d 4549.72 e
S3 CK 579.70 e 21.12h 2746 g 255742 h
S3 ST 584.96 e 2239 g 29.16 f 2814.76 g
Average
2020-2021 S0 650.51 a 43.86 a 40.54 a 8440.81 a
S1 634.49b 3441b 34.95b 5645.85 b
52 611.46 ¢ 29.26 ¢ 31.59 ¢ 4279.62 ¢
S3 582.33 d 21.76 d 28.31d 2686.09 d
CK 617.74 b 31.51b 33.32b 5086.61 b
ST 621.66 a 33.13 a 34.38 a 5439.57 a
ANOVA
S *3% *% *% *3%
C ns *% *% *3%
SxC ns * * *
S0 CK 642.77 b 42.14b 41.57b 8328.64 b
2021-2022 S0 ST 656.11 a 4501 a 42.76 a 8661.88 a
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S1 CK 624.23 ¢ 32.72d 35.85d 5452.03 d
S1 ST 639.25b 36.39 ¢ 36.63 ¢ 6155.79 ¢
52 CK 593.25d 27.81f 30.44 £ 3770.41 £
52 ST 595.75d 30.13 e 32.67 e 4580.58 e
S3 CK 55725 e 20.23 h 26.69 g 2299.66 h
S3 ST 569.02 e 2271g 30.06 £ 283531 g
Average
S0 649.44 a 43.58 a 42.17 a 8495.26 a
S1 631.74 a 34.56 b 36.24b 5803.91 b
52 594.50 b 28.97b 31.56 c 4175.50 ¢
S3 563.14 ¢ 21.47 ¢ 28.38 ¢ 2567.49d
CK 604.38 b 30.73b 33.64 b 4962.69 b
ST 615.03 a 33.56 a 35.53 a 5558.39 a
ANOVA
S *3% *% *% *3%
C *3% *% *% *3%
S X C ns * % %

S0, Natural light; S1, 10% shading from jointing to 25% shading at heading; S2, 20% to 50% shading;
53, 30% to 75% shading. CK, water control; ST, CCC applied at 4500 mL-hm™ during the erecting
stage and 3000 mL-hm2 during the jointing stage. Values are means of three replications, and dif-
ferent lowercase letters within a column indicate significant difference at p <0.05 (LSD test). ANOVA
indicates analysis of variance; * and ** indicate the 5 and 1% probability levels, respectively; ns in-

dicates non-significance.

3.6. Correlation Analysis

Correlation analysis revealed that the length of the second basal internode, stem fill-
ing degree, stem-breaking strength, spike number, grains per spike, thousand-grain
weight, and grain yield were significantly and positively correlated with the contents of
lignin, cellulose, sucrose, fructose, and glucose, as well as with the activities of lignin-
biosynthesis-related enzymes, including PAL, TAL, 4CL, CAD, and C4H (Figure 5).
Wheat yield exhibited a significant negative correlation with plant height (r = -0.86, p <
0.01) and center of gravity height (r =-0.98, p <0.01), whereas it was positively and signif-
icantly correlated with individual plant biomass (r = 0.98, p < 0.01), the diameter of the
second basal internode (r = 1.00, p < 0.01), filling degree (r = 0.93, p < 0.01), breaking re-
sistance (r = 0.95, p < 0.01), and culm lodging resistance index (r = 0.98, p < 0.01). Subse-
quent analyses evaluated the trade-off relationships between stem carbohydrate content
and enzymatic activities under shading stress and CCC application, and their associations
with stem morphological traits and yield components. The results revealed that the length
of the second basal internode, stem filling degree, stem-breaking strength, number of
spikes per plant, grains per spike, thousand-kernel weight, and overall grain yield were
all significantly and positively correlated with both metabolites (lignin, cellulose, sucrose,
fructose, and glucose) and the activities of lignin-biosynthesis-related enzymes (PAL, TAL,
4CL, CAD, and C4H). Moreover, plant center of gravity height and single plant biomass
were also significantly and positively correlated with metabolites including lignin, cellu-
lose, sucrose, fructose, and glucose.
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Figure 5. The relationship between stem metabolic products, lignin-related enzyme activity, stem
traits, and yield. Each circle represents the Mantel correlation between a pair of variables. The circle
color denotes the Pearson correlation coefficient (r), with blue shades indicating positive correlations
and brown shades indicating negative correlations. Circle size and edge color indicate the statistical
significance of the Mantel test: red (p < 0.001), green (0.001 < p <0.01), blue (0.01 <p <0.05), and gray
(p > 0.05). Line thickness reflects the strength of correlation: thick lines (r > 0.5), medium (0.25 <r <
0.5), and thin lines (r < 0.25). The figure illustrates the overall pairwise correlations between metab-
olites and enzymes across multiple samples. Pearson’s correlation coefficients were calculated using
the two-year mean values of the eight treatment combinations (1 = 8). The three independent plot
replicates were averaged before calculating the treatment means. * indicates p < 0.05, and ** indicates
p<0.01.

4. Discussion
4.1. Morphological and Mechanical Improvements of Stems Under PGR Application

Under shading conditions, wheat plants exhibit pronounced stem elongation, an el-
evated center of gravity, and a reduction in mechanical strength, thereby increasing their
susceptibility to lodging (Figures 1 and 3). In the present study, CCC application signifi-
cantly reduced plant height and center of gravity height while increasing the diameter of
the second basal internode and stem dry biomass (Figures 1 and 2). These morphological
changes improved plant gravitational distribution, shortened the effective lodging lever
arm, and enhanced stem mechanical stability. The exogenous application of plant growth
regulators (PGRs) in cereal crops has been demonstrated to effectively reduce lodging by
modulating plant architecture and enhancing stem strength [16,17]. Studies have demon-
strated that plant growth regulators significantly reduce wheat plant height, with a 4~48%
decrease observed in the length of the second basal internode [18]. The application of dif-
ferent concentrations of chlormequat chloride has also been found to reduce plant height
and center of gravity height, thereby improving lodging resistance and contributing to
stable growth and yield formation in wheat [19].

CCC is generally recognized as a gibberellin-biosynthesis inhibitor that restricts ex-
cessive internode elongation. Consistent with this physiological role, the reductions in
plant height and center of gravity height and the increases in basal-internode diameter
and solidity observed in the present study suggest that CCC improved lodging resistance
primarily by optimizing stem morphology. Stem-breaking strength declined markedly
under shading conditions, whereas CCC application effectively alleviated this adverse
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effect (Figure 3). Peng et al. also reported that increased stem diameter and wall thickness
can enhance the bending strength and lodging resistance of wheat [20]. Similar effects
have also been observed by Ali et al,, who demonstrated that the application of plant
growth regulators can effectively modulate stem development [21]. These findings sup-
port the view that CCC-induced changes in stem morphology contributed substantially
to the maintenance of mechanical strength under shading conditions.

In addition to its effects on stem morphology, CCC application increased the activi-
ties of lignin-biosynthesis-related enzymes, including PAL, TAL, 4CL, CAD, and C4H,
and promoted the accumulation of lignin, cellulose, and soluble sugars in the stem.
Greater deposition of lignin and cellulose may reinforce secondary cell walls and improve
the structural integrity of the basal internodes, thereby increasing stem-breaking strength
and the culm lodging resistance index. Soluble sugars may also provide carbon substrates
for the synthesis of structural carbohydrates, although this relationship requires further
direct verification. Collectively, the coordinated improvements in stem morphology,
structural carbohydrate accumulation, and mechanical strength reduced lodging suscep-
tibility under shading conditions and may have contributed to the maintenance of yield
components and grain yield. Therefore, the judicious application of plant growth regula-
tors represents an effective agronomic strategy for enhancing crop resilience and stabiliz-
ing yield under unfavorable growing conditions [16].

4.2. Biochemical Enhancement of Stem Tissue Composition

This study demonstrates that the accumulation of lignin, cellulose, and soluble sug-
ars in wheat stems is significantly influenced by shading intensity and CCC (chlormequat
chloride) application. As shading levels increased, the overall content of structural and
non-structural carbohydrates in stems exhibited a declining trend. However, CCC treat-
ment markedly enhanced the levels of lignin and cellulose across all shading conditions
and promoted the accumulation of certain soluble sugars (Figure 4). Previous studies have
reported that lignin content in wheat stems decreases under shaded conditions, leading
to reduced stem-breaking strength [22]. This reduction may result from the limited supply
of photosynthetic assimilates and metabolic energy available for secondary cell-wall bio-
synthesis under low-light conditions [23]. In contrast, CCC increased lignin and cellulose
contents by 8.55% and 7.25%, respectively, consistent with previous findings [24].

CCC application enhanced the activities of PAL, TAL, 4CL, CAD, and C4H, indicat-
ing an overall stimulation of lignin biosynthesis. PAL and TAL generate the initial phe-
nylpropanoid precursors, while C4H directs cinnamic acid into downstream phenylpro-
panoid metabolism. Subsequently, 4CL activates hydroxycinnamic acids, and CAD cata-
lyzes the final reduction step in monolignol formation, producing precursors of H-, G-,
and S-type lignin units [25]. Therefore, the coordinated increases in these enzyme activi-
ties suggest that CCC promoted lignin accumulation by enhancing multiple successive
steps of phenylpropanoid and monolignol biosynthesis.

Lignin biosynthesis is metabolically demanding because the 4CL reaction requires
ATP, while C4H- and CAD-associated reactions depend directly or indirectly on reducing
equivalents [26]. CCC inhibits gibberellin biosynthesis and restricts internode elongation,
which may reduce the resource demand for cell expansion and favor the allocation of as-
similates to secondary cell-wall formation [27]. The CCC-induced accumulation of soluble
sugars observed in this study may also provide respiratory substrates for ATP production
and reducing-equivalent regeneration. This resource-reallocation effect may partially ex-
plain the maintenance of lignin-related enzyme activities under shading. However, ATP,
NAD (P)H, gene expression, and protein abundance were not directly measured; there-
fore, this explanation should be regarded as a physiologically plausible mechanism rather
than direct evidence.
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Interannual differences in enzyme activities may be associated with variations in
temperature, precipitation, and soil moisture. During the jointing-to-flowering period, the
average temperature in 2021-2022 was 1.2 °C higher and precipitation was 18.5 mm
greater, which may have contributed to differences in enzyme activity and carbohydrate
accumulation between the two growing seasons.

4.3. Yield Benefits Associated with Improved Stem Traits

This study investigated the effects of CCC application on wheat yield under varying
shading conditions. The results revealed that CCC significantly influenced key yield com-
ponents, including the number of spikes, grains per spike, thousand-grain weight, and
overall grain yield. With increasing shading intensity, the yield components were mark-
edly compromised, as evidenced by reductions in spike number, grains per spike, and
thousand-grain weight to varying extents (Table 3). This finding is consistent with previ-
ous studies, which have established light as a critical environmental factor limiting crop
yield formation [28,29]. Li et al. demonstrated that under shading conditions, reduced
light intensity markedly impaired the photosynthetic efficiency and ultimately dimin-
ished the yield of wheat [19]. Insufficient photosynthetically active radiation directly im-
pairs the carbon assimilation process, thereby restricting wheat grain development and
yield formation [30]. Shading limits yield via four pathways: (1) disruption of the source-
sink relationship, whereby reduced light interception and Rubisco activity weaken pho-
tosynthetic source capacity, restrict soluble sugar accumulation in the stem as a temporary
sink, and subsequently reduce carbohydrate remobilization to grains as the final sink; (2)
altered assimilate partitioning, with a greater relative proportion retained in vegetative
organs and less allocated to developing grains, thereby weakening stem structural rein-
forcement and limiting grain filling; and (3) abnormal reproductive development (delayed
heading/flowering, shortened filling period, fewer fertile florets) [19]. It is noteworthy that
the exogenous application of CCC has, to some extent, mitigated the adverse effects of
shading on wheat yield and its contributing factors. Compared to the CK, CCC applica-
tion under both natural light and various shading treatments significantly enhanced the
number of effective spikes, grain number per spike, thousand-grain weight, and yield.
Notably, the effects were more pronounced under moderate to severe shading conditions.
For instance, under S2 and S3 shading conditions, the wheat yields treated with CCC
showed increases of up to 21.49% and 23.29%, respectively. These results indicate that
CCC partially alleviated the reductions in wheat yield and its components under the arti-
ficial-shading conditions evaluated in this study. Previous studies have suggested that
CCC may influence yield formation by restricting excessive stem elongation and modify-
ing plant architecture, while changes in photosynthetic performance, assimilate partition-
ing, and endogenous hormone regulation may also be involved. However, these physio-
logical processes were not directly evaluated in the present study and therefore require
further experimental verification. Previous studies in wheat have shown that CCC can
improve lodging resistance and yield-related traits by restricting stem elongation and reg-
ulating yield components [31]. However, its ability to mitigate yield losses across different
shading intensities, particularly under low-light conditions representative of agroforestry
systems, remains insufficiently understood.

Shading is the primary stress factor leading to wheat yield loss in agroforestry sys-
tems. Shading first reduces the photosynthetic efficiency of wheat, leading to a decrease
in photosynthetic carbon assimilation. On the one hand, the insufficient carbon source
leads to an insufficient supply of stem development material, resulting in the excessive
elongation of internodes, thin stem diameter, low solidity, and a decrease in plant mor-
phological stability; on the other hand, it reduces the activity of lignin-biosynthesis-re-
lated enzymes, inhibits the synthesis of lignin and cellulose, and decreases the content of
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soluble sugars, leading to the weakening of stem mechanical strength. The combined ef-
fect of morphological and biochemical changes leads to the significant decrease in culm
lodging resistance index, and the increase in lodging risk leads to the loss of wheat yield.
In addition, shading also directly affects the grain development of wheat by reducing the
transport of photosynthetic assimilates to grains, which further reduces the yield compo-
nents.

4.4. Study Limitations

This study used black nylon mesh to simulate reduced light intensity and therefore
did not reproduce changes in light quality (e.g., the red/far-red ratio), root and nutrient
competition, microclimatic variation, or allelochemical effects (e.g., walnut juglone) typi-
cal of natural agroforestry systems. In addition, year-specific meteorological conditions
were not continuously recorded; therefore, the environmental causes of the observed in-
terannual variation could not be determined. The experiment was conducted at a single
site in southern Xinjiang using one cultivar ("Xindong 60’), and the effects of CCC require
further validation across different ecological regions and cultivars. Additional gradient
experiments are also needed to optimize CCC dosage and application timing under dif-
ferent shading intensities.

5. Conclusions

Under varying shading conditions, CCC application significantly influenced the
morphological characteristics, mechanical strength, structural and non-structural carbo-
hydrates, lignin-biosynthesis-related enzyme activity, and yield composition of wheat
stems. Compared with the control, foliar application of CCC markedly improved the stem
morphology, mechanical strength, concentrations of both structural and non-structural
carbohydrates, and the activity of lignin-related enzymes, thus enhancing the culm lodg-
ing resistance index and increasing wheat yield. Shading considerably reduced both the
yield and its contributing factors in winter wheat, while CCC treatment significantly in-
creased actual yield and theoretical yield, with the increment being more pronounced un-
der higher shading intensities.
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