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Agricultural Sciences, Shanghai, China

Introduction: Lodging is a critical limiting factor affecting stable rice production
in the lower reaches of the Yangtze River in China.

Methods: This study aims to clarify the optimal spraying period and concentration
of paclobutrazol for high-quality japonica rice by examining its effects on the
mechanical, morphological, and metabolic characteristics of the stem. A clean
water treatment (CK) was established alongside five spraying periods (S1: July 19;
S2: July 26; S3: August 2; S4: August 9; S5: August 16) with three spraying
concentrations (LP: 100 mg L™ MP: 200 mg L™ HP: 300 mg L™).

Results and discussion: The results indicate that the MP treatment during the S4
period resulted in a yield increase of 2.3-11.8% while reducing the lodging index by
15.8-25.5%. In the early stages of spraying (S1, S2 and S3), the lodging resistance of
rice was primarily enhanced by reducing plant height, but led to a significant
decrease in the spikelets per panicle and grain filling, ultimately resulting in reduced
yield. In the later stages of spraying (S4 and S5), lodging resistance was mainly
improved by increasing internode diameter and culm wall thickness, which
concurrently resulted in a significant increase in the grain filling. Although high
concentrations of paclobutrazol in each period can reduce the lodging index, they
are not conducive to yield formation. Correlation analysis revealed a significant
negative correlation between the lodging index and both the internode diameter
and the culm wall thickness. Non-target metabolism indicated that the significant
increase in mandelonitrile and sarcosine content within cyanoamino acids
metabolism, and glycine, serine, and threonine metabolism during S4, might be
the primary metabolic factors promoting the development and thickness of stem
walls. Additionally, the increase in pheophytin-a in porphyrin and chlorophyll
metabolism, along with leucine in valine, leucine, and isoleucine degradation,
may be the key contributors to the enhancement of rice lodging resistance and
stable yield when treated with an appropriate concentration of paclobutrazol.

Japonica rice, lodging resistance, paclobutrazol, stem morphology, metabonomics
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Highlights

* MP treatment (200 mg L-1 paclobutrazol) increased rice
yield by 2.3%-11.8% and decreased lodging index by 15.8%-
25.5% under S4 period.

» Paclobutrazol decreased lodging index by decreasing plant
height in tillering rice stage.

+ Paclobutrazol decreased lodging index by increasing culm
wall thickness in jointing rice stage.

* The non-target metabolome indicated that paclobutrazol
regulates the plant development by influencing its
stem physiology.

1 Introduction

Approximately half of the global population relies predominantly
on rice as a staple food. Consequently, enhancing rice yield remains a
primary focus of research, driven by the increasing population,
diminishing arable land, and various other challenges (Li et al., 2021).
Previous studies have shown that rice production must increase by over
24% annually between 2010 and 2050 to satisty the world’s food
demands (Ray et al, 2013). In recent years, the frequent occurrence of
extreme weather events worldwide has exacerbated the issue of rice
lodging (Robinson et al,, 2021). Rice lodging can reduce yields by 20%-
50% and hinder the efficiency of mechanical harvesting (Lv et al., 2022).
Therefore, improving the lodging resistance of rice is crucial to mitigate
the risk of reduced grain yields. Lodging is defined as a permanent
displacement of the vertical plant stem, resulting from a loss of balance
within the plant (Zhang et al, 2014). The relationship between the
lodging index (LI) and various characteristics including physical,
morphological, anatomical, and physicochemical components has
been extensively reported (Chen et al, 2021; Islam et al,, 2007; Liao
et al, 2023). Dwarf rice exhibits strong lodging resistance, and that
appropriately shortening the basal internode can enhance the lodging
resistance of rice populations (Liao et al,, 2023). However, reducing the
length of the upper internode may hinder ear development (Zhang et al.,
2016). Significant positive correlations have been observed between stem
thickness, stem wall thickness, and the ratio of stem diameter to pulp
cavity diameter with the lodging resistance of rice populations (Zhang
et al, 2013; Wang et al, 2006). The stem can be categorized into
mechanical tissue, vascular bundles, epidermis, and basic tissue (Lv et al.,
2022). The proportion of the cross-sectional area of mechanical tissue,
the thickness of mechanical tissue, and the number of large and small
vascular bundles are closely associated with the mechanical strength of
the stems (Zhang et al,, 2014). Lodging-resistant varieties tend to have a
higher number of vascular bundles per unit area, whereas lodging-prone
varieties typically exhibit thinner cell walls and larger pulp cavities (Perik
et al, 2012). In the early growth stage, a substantial amount of
photosynthetic products generated by the leaves is transported to the
stem, facilitating lignification, fibrosis, and starch accumulation in the
cell wall, which are positively correlated with the lodging resistance of
rice (Zhang et al., 2020). However, during the vegetative growth period,
carbohydrates in the stem sheath are redirected to the panicle kernel,
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leading to a decrease in internode weight, an increase in the height of the
center of gravity, and, consequently, a heightened risk of lodging (Zhang
et al., 2020; Pan et al., 2019).

Paclobutrazol, a triazole, is a commonly used plant growth
regulator (Maheshwari et al., 2023). In rice, it has been reported that
the application of paclobutrazol can resist salt stress and drought stress
and enhance lodging resistance (Azarcon et al., 2022; Khunpon et al,
2018; Maheshwari et al., 2023). The application of paclobutrazol could
improve seedling quality, increase tillering number, increase leaf
chlorophyll content and net photosynthetic rate, and delay leaf
senescence (Assuero et al, 2012). It also increases dry matter
accumulation, promotes seed assimilation and distribution, and
improves crop yield (Kamran et al, 2020). Previous studies have
indicated that the application of paclobutrazol has three primary
effects on various types and varieties of rice: it reduces plant height,
thickens stems, and shortens internodes (Gai et al., 2023). These effects
are primarily attributed to four molecular mechanisms. First,
gibberellin is the principal hormone that promotes the elongation of
plant cells. Paclobutrazol reduces plant height by inhibiting the
biosynthesis pathway of gibberellin (Desta and Amare, 2021).
Second, paclobutrazol enhances the activity of auxin oxidase, thereby
decreasing the auxin content within the plant. Auxin plays a crucial role
in cell elongation and division; thus, a reduction in its concentration
contributes to reduced cell elongation and results in thicker stems
(Opio et al., 2020). Third, paclobutrazol may increase the thickness and
strength of the cell wall by regulating the expression of genes associated
with cell wall synthesis (Lv et al., 2022). This enhancement of the cell
wall improves the mechanical support capacity of the stem. Lastly,
paclobutrazol can influence the expression of genes related to lodging,
including those associated with stem strength and toughness, such as
cellulose synthase genes and lignin synthesis-related genes (Lv et al,
2022). The upregulation of these genes enhances the mechanical
properties of the stems.

The coastal japonica rice area in South China is the main
production area to ensure food security in China. With the
intensification of extreme climate change and frequent severe weather
such as typhoon in recent years, the risk of rice lodging is increasing. As
far as we know, in high-quality japonica rice, the optimal spray period
and concentration of paclobutrazol and the mechanism of internode
changes in metabolic level are still unclear. Therefore, the aims of this
study are (1) to determine the best spray period and concentration of
paclobutrazol in high-quality japonica rice and (2) to clarify the
mechanism of changes in internode metabolism of paclobutrazol, in
order to provide theoretical guidance for lodging resistance cultivation
of high-quality japonica rice in coastal rice areas of South China.

2 Materials and methods
2.1 Site description

Field experiments were conducted at the Zhuanghang
Comprehensive Experiment Station (121° 23" E, 30° 53’ N) during

2023 and 2024. This area is characterized by the subtropical monsoon
climate. The paddy soil is classified as clay soil (IUSS Working Group
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and WRB, 2006). The physicochemical properties of the topsoil
measured at the 0- to 20-cm depth were pH 6.3, 185 g kg ' soil
organic matter, 4.7 mg kg nitrate nitrogen, 21.5 mg kg™' ammonium
nitrogen, 40.3 mg kg™' available phosphorus, and 129.3 mg kg’
available potassium. The precipitation and temperature during this
experiment are shown in the supplementary data in Supplementary
Figure S1. The average daily temperatures from seedling transplanting
to rice harvest in 2023 and 2024 were 27.4°C and 27.8°C, respectively,
and the total rainfall was 61.6 and 828.1 mm, respectively.

2.2 Experimental design

To evaluate the effects of different paclobutrazol spraying periods
and concentrations on the lodging characteristics and yield of high-
quality japonica rice, a split-plot design was employed. The main plot
corresponds to the paclobutrazol spraying periods: S1, sprayed on July
19, tillering initiation stage; S2, sprayed on July 26, tillering peak stage;
S3, sprayed on August 2, tillering decline stage; S4, sprayed on August
9, jointing stage; and S5, sprayed on August 16, panicle stage. The sub-
plot pertains to the spraying concentrations: low paclobutrazol
concentration (LP) at 100 mg L', medium paclobutrazol
concentration (MP) at 200 mg LY, and high paclobutrazol
concentration (HP) at 300 mg L. An equal amount of water was
sprayed as a control (CK). In total, there are 16 treatments, each
covering an area of 24 m* (length, 6 m; width, 4 m), with each
treatment replicated three times. The planting density was 20 cm x 16
cm with two seedlings per hole. The total amount of N fertilizer was
270 kg ha™" and was applied as base fertilizer:tillering fertilizer:panicle
fertilizer = 5:3:2. Both phosphorus (P,O5) and potassium (K,O) were

1

applied at a rate of 45 kg ha™'; phosphorus was applied as a base
fertilizer once, and potassium was applied equally in base and panicle
fertilizer. Other cultivation management practices were carried out in
accordance with the local requirements for high yields and quality
cultivation. Diseases and pests were intensively controlled. High-quality
japonica rice cultivar Taian 1 was provided by Shanghai Academy of
Agricultural Sciences in 2023 to 2024. Taian 1 was an inbred japonica
rice variety cultivated as a single-cropping late rice in Shanghai. Its
parent varieties include Ruanxiang rice (Maternal Parent) and Nanjing
46 (Paternal Parent) varieties, sown on 20 May, transplanted on 20
June, and harvested on 30 October in the 2 years.

2.3 Sampling and measurement

2.3.1 Grain yield and its components

Upon maturity, rice yield was measured from 2-m” blocks by a
moisture content of 13.5% to determine the actual yield, and 10 stump
rice plants were selected for each plot to determine the spikelets per
panicle and grain filling according to the number of effective panicles.

2.3.2 Morphological characteristics

Fifteen representative main stems were sampled in each plot for the
measurements of the plant height, gravity center height, internode
length, internode diameter, and culm wall thickness at 20 days after
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heading. Plant height and the length of internodes were measured by a
ruler. Center of gravity height was measured as the distance from the
base of the stem to the balance of the stem fulcrum (including the ear,
leaf, and sheath). The first internode (I1) on the root was taken as the
first internode (I1), and subsequent internodes were numbered as the
second, third, fourth, and fifth internodes, denoted by 12, I3, 14, and I5,
respectively. The internode diameter and culm wall thickness were
measured with a digital caliper at the mid-region of the internode. The
dry weight of each internode and the total dry weight were put into the
oven after determining the morphological characteristics and dried to a
constant weight.

2.3.3 Stem physical properties and lodging index
LI and physical properties were determined at 20 days after
heading. Ten representative main stems were sampled in each plot.
The breaking strength was measured at the 12, 13, and 14 with leaf
sheath by using a prostrate tester (YYD-1, Zhejiang Top Instrument
Co. Ltd., Hangzhou, China) according to the previous report by Lv
et al. (2022). The parameters of stem physical properties were
calculated as follows: (1) Bending moment of the whole plant (WP,
g cm) = SL (cm) x FW (g), where SL is the length from the broken
point to the panicle top and FW is the fresh weight from the broken
point to the panicle top; (2) Breaking strength (M, g cm) = 1/4 x BL
(kg) x L(cm), where BL is the force applied to break stem segment and
L is the distance between two points; and (3) LI (%) = WP/M x100.

2.3.4 Metabonomics

High-resolution non-targeted metabolomics analysis employs
ultrahigh-performance liquid chromatography-tandem time-of-flight
mass spectrometry or tandem Orbitrap mass spectrometry to detect
metabolites within the sample. Baseline filtering, peak identification,
integration, retention time correction, and peak alignment were
conducted on the original data using the metabolomics processing
software Progenesis QI (Waters Corporation, Milford, USA). This
process resulted in the generation of a data matrix comprising retention
time, mass—charge ratio, and peak intensity. The primary databases
utilized included the Human Metabolome Database (http://
www.hmdb.ca/) and the METLIN database (https://metlin.
scripps.edu/), along with additional public databases and a self-
built database. Subsequently, the data underwent the following
preprocessing steps: (1) retention of only those variables with a non-
zero value exceeding 80% in any sample group; (2) normalization of the
total peak, followed by the exclusion of variables with a relative standard
deviation (RSD) of QC samples > 30%; and (3) transformation of the
data using log10 to obtain the final data matrix for subsequent analyses.
The data analysis encompassed univariate statistical analysis,
multidimensional statistical analysis, differential metabolite screening,
differential metabolite correlation analysis, and topological enrichment
pathway analysis (Wang et al,, 2024).

The analysis involves three spraying periods: 200 mg L'
paclobutrazol in the S2 period corresponds to the number EP, 200
mg L in the $4 period corresponds to the number MP, and 200 mg L™"
paclobutrazol in the S5 period corresponds to the number DP.
Additionally, three paclobutrazol spray concentrations (100, 200, and
300 mg L") applied during the S4 period correspond to metabolites
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identified as LP, MP, and HP, respectively. Metabolome determinations
were repeated six times for each treatment. For metabolite extraction, an
80% methanol (v/v) solution was used. Subsequently, proteins were
removed by centrifugation at 12,000 x g for 15 min at 4°C. The
supernatant was freeze-dried and then reconstituted with an
acetonitrile-water (1:1) mixed solution for subsequent LC-MS analysis.

For non-targeted metabolomics analysis, a UHPLC-QTOF-MS
system (Agilent 1290/6545, California, USA) equipped with a
ZORBAX Eclipse Plus C18 chromatographic column (2.1 x 100
mm, 1.8 um) was used. The mobile phase consisted of an aqueous
solution containing 0.1% formic acid (Phase A) and acetonitrile (Phase
B). A gradient elution program was applied (0-15 min, 5%-95% Phase
B) with a flow rate of 0.3 mL/min. Mass spectrometry data were
acquired in both positive and negative ion modes (m/z 50-1,000) at a
scanning rate of 2 spectra per second. A quality control sample
prepared by mixing all experimental samples was inserted every 10
injections to monitor the system stability.

The raw data were processed for peak extraction, alignment, and
normalization using the eXtensible Computational Mass Spectrometry
(XCMS). Metabolite annotation was accomplished by matching the
accurate molecular weight (with a mass error <5 ppm) and the
secondary mass spectrometry data against the HMDB and METLIN
databases. Multivariate statistical analysis, including principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA), was performed using the SIMCA-
P 14.1 (Sartorius Stedim Data Analytics AB, Uppsala, Sweden). The
criteria for screening significantly different metabolites were as follows:
a variable importance in projection (VIP) value >1.0 (based on the
OPLS-DA model) and p < 0.05 (as determined by Student’s t-test).
Pathway enrichment analysis was conducted using the MetaboAnalyst
5.0 platform (McGill University, Canada) with reference to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

2.4 Statistical analysis

We used SPSS software (SPSS Inc, Chicago, USA) to calculate the
mean values of yield, bending moment, breaking strength, LI, and
morphological parameters, and determined the least significant
difference (LSD) at the p < 0.05 level. Multifactor analysis of variance
(ANOVA) was employed to determine the effects of spraying period
and paclobutrazol concentration treatments (as independent variables)
on yield, bending moment, breaking strength, LI, and morphological
parameters, as well as their interaction levels, at significance levels of
0.05 and 0.01. Spearman correlation analysis was used to analyze the
correlation between LI and morphological and mechanical parameters
(n = 15). PCA of LI and mechanical parameters was performed using
Origin software.

3 Results
3.1 Yield and its composition

The year (Y), spraying period (S), paclobutrazol concentration
(P), and the interaction between S and P significantly influenced
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yield and its composition (Table 1). Additionally, the interaction
between Y and S had significant effects on SPP, GF, and yield.
However, the interactions between Y and P, as well as between Y, S,
and P, were only found to significantly affect yield.

Compared with CK, there were no significant differences in
yield under the S1 and S4 treatments in 2023. However, the S2, S3,
and S5 periods significantly reduced yield by 9.2%, 6.9%, and 16.1%,
respectively. In 2024, the S4 and S5 periods significantly altered
yield, increasing or decreasing it by 6.6%, compared with CK.
Compared with LP, the HP treatment significantly decreased yield
by 3.5%-16.3% during the same spray period of paclobutrazol. The
highest yield was observed under the MP treatment during the S4
period from 2023 to 2024. Analysis of yield components indicated
that the highest yield was primarily attributed to increases in
spikelets per panicle and grain filling, though the effective panicle
showed no significant change compared with CK. Additionally,
spray paclobutrazol significantly increased effective panicle in the S1
and S2 periods, with MP treatment demonstrating significantly
higher than both LP and HP treatments. With the exception of the
S4 period, spray paclobutrazol significantly reduced spikelets per
panicle in the 2 years. Similarly, spray paclobutrazol significantly
decreased grain filling over the 2 years, except during the S3 and
S$4 periods.

3.2 Lodging indices and physical
parameters

S and P have significant effects on the LI, bending moment, and
breaking strength at each internode (Table 2). The interaction
between S and P significantly influences the breaking strength at
the second and third internodes of the rice base, as well as the LI at
the fourth internode of the rice base.

Compared with CK, the LI of the second internode of the rice base
decreased significantly by 14.7%, 32.2%, 13.5%, 23.7%, and 31.8%
during the S1, S2, S3, $4, and S5 periods, respectively. Similarly, the LI
of the third internode of the rice base showed significant reductions of
20.0%, 30.2%, 21.9%, 25.0%, and 38.6% in the S1, S2, S3, $4, and S5
periods, respectively, compared with CK. For the fourth internode of
the rice base, the LI decreased significantly by 21.3%, 16.2%, 18.0%, and
31.2% in the S2, S3, $4, and S5 periods, respectively, while no significant
change was observed in S1. The LI exhibited a decreasing trend as the
concentration of paclobutrazol increased within the same treatment
period. Notably, in the S5 period, the second and third internodes of
the rice base lodging indices reached their lowest levels under HP
treatment, decreasing significantly by 35.6% and 45.8%, respectively,
compared with CK. Furthermore, the fourth internode of the rice base
LI also reached its lowest level under MP treatment, with a significant
decrease of 33.1% compared with CK.

The bending moment at each internode significantly decreased
during the S1, S2, S3, and S4 periods, while showing no significant
change during the S5 period, compared with CK. The bending
moment of each internode initially decreased and then increased
with the backward spray period of the paclobutrazol, reaching its
lowest point during the S2 period. In the S2 period, the second,
third, and fourth internodes of the rice base bending moment
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TABLE 1 Effects of different spraying periods and concentrations of paclobutrazol on rice yield from 2023 to 2024.

Vet Sprfaying Paclobutragol Effec}ive_eanicle Spikelet§ Grain filling (%) Yield (t ha™})
period (S) concentration (P) (x10™ ha™) per panicle
LP 345.8 + 6.6b 1482 £ 3.1a 883 £ 0.1a 8.6+ 0.2a
MP 383.3 + 4.7a 1485 + 3.8 88.1+0.2a 8.8 % 0.1a
¥ HP 3417 + 3.2b 1432 + 2.4b 86.5 £ 0.5b 83+ 0.1b
Mean 356.9A 146.6D 87.6D 8.6A
LP 348.3 + 3.6b 149.6 + 1.3a 89.2 % 1.la 8.6 = 0.1a
MP 362.5 + 4.0a 150.4 + 2.6a 89.0 + 0.4a 7.8 £ 0.2b
> HP 335.8 + 2.5¢ 1462 £ 1.0a 86.9 £ 0.4b 72%02¢
Mean 348.9B 148.7C 88.4C 7.9C
LP 330.8 + 5.8ab 150.0 £ 2.1a 92.1 £ 0.4b 85+ 0.2a
MP 332.1 +8.3a 152.7 % 3.4a 92.9 % 0.4a 83%02a
2023 . HP 326.3 +7.3b 151.2 * 3.6a 91.7 + 0.4b 7.6 = 0.3b
Mean 329.7C 151.3B 92.2B 8.1B
LP 327.5 + 7.9 1574 % 0.7a 93.4 + 0.3a 8.7 % 0.1b
MP 329.2 + 4.0a 158.7 + 1.4a 94.1 £ 0.6a 89 % 0.1a
™ HP 322.7 + 4.52 153.5 % 1.9b 90.6 + 0.4b 7.7 £ 0.1¢
Mean 326.4C 156.5A 92.7A 8.5A
LP 3229 + 6.4a 131.7 £ 3.1a 85.4 + 0.3a 7.9 %0.2a
MP 324.6 + 4.8a 129.7 % 2.0a 84.3 £ 0.5b 72 % 0.1b
S5 HP 327.5 + 4.7a 121.8 + 1.6b 83.5 + 0.5¢ 6.8 = 0.2b
Mean 325.0C 127.7E 84.4E 7.3D
CK 325.3C 157.4A 92.1B 8.7A
LP 327.3 £ 4.7b 133.6  1.9a 753 £ 0.1a 7.9 %0.1a
MP 359.3 + 4.1a 134.1 £ 2.3a 753 £ 0.1a 8.0 % 0.2a
! HP 3219 + 4.2¢ 128.8 % 2.0b 73.8 + 0.4b 7.4 % 0.1b
Mean 336.2A 132.2C 74.8D 7.8B
LP 326.1 + 2.6b 133.0 £ 1.4a 759 £ 03a 7.7 £0.1a
MP 3394 + 4.4 133.8 = 1.6a 762 £ 0.2a 8.0 %0.2a
. HP 313.0 + 3.1c 130.8 = 1.3a 74.3 £ 0.2b 7.1 % 03b
Mean 326.2B 1325C 75.5C 7.6B
2024
LP 307.9 + 3.3a 1344 * 1.6a 81.0 + 0.4ab 7.7 +0.2a
MP 306.4 + 2.6a 1355 + 1.8a 81.3 £ 0.3a 7.9 % 0.1a
» HP 304.1 + 4.3a 1349 + 1.6a 80.4 £ 0.4b 73+02b
Mean 306.1C 134.9B 80.9AB 7.6B
LP 307.7 + 5.6a 140.6 = 0.9a 81.5 £ 0.6b 82+ 0.1b
MP 306.9 + 3.4a 1418 £ 1.2a 824 % 0.1a 85 % 0.1a
™ HP 305.5 + 4.6a 137.5 % 1.3b 79.7 + 0.4c 7.6 0.1c
Mean 306.7C 140.0A 81.2A 814
(Continued)
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TABLE 1 Continued

10.3389/fagro.2025.1603904

Yearst) B0 concentration () (x10° ha D perpanicle  Grainfiling 09 Yield (tha?)
LP 305.4 + 6.0a 1174 £ 2.9a 75.0 + 0.2a 7.3 +£0.2a
MP 306.8 + 5.0a 1169 + 1.3a 74.0 £ 0.2b 7.1 +0.1a
S5 HP 306.5 + 3.5a 108.5 + 1.7b 73.0 £ 0.1c 6.7 £ 0.2b
Mean 306.2C 114.3D 74.0E 7.1C
CK 305.6C 141.0A 80.7B 7.6B
Y 737.1%* 1941.6** 20543.4** 155.9**
S 268.6** 697.6** 1396.0** 127.9**
P 122.0* 66.3** 186.6** 181.5%*
F value YxS 1.3 3.1 34.3%¢ 8.8%*
YxP 0.9 0.2 1.7 14.9**
SxP 41.4%* 8.0% 11.7+* 8.5%*
YxSxP 0.4 0.2 1.0 3.4

Lowercase letters in the same column indicate that the treatment of different concentrations of paclobutrazol during the same spraying period and year is significantly different (p < 0.05). Uppercase
letters in the same column and year indicate significant differences in paclobutrazol treatment during different spraying periods (p < 0.05). “*”: significant at p < 0.05; “**”: significant at p < 0.01.

LP, low concentration of paclobutrazol; MP, middle concentration of paclobutrazol; HP, high concentration of paclobutrazol; CK, spray water treatment.

experienced significant reductions of 23.3%, 26.5%, and 27.5%
compared to CK, respectively. Additionally, during the S2 period,
the bending moment between internodes under MP treatment
was the highest. Similarly, during the S4 period, the bending
moment of the fourth internode of the rice base under MP
treatment also reached its peak. Compared with CK, the breaking
strength of the second internode of the rice base increased
significantly during the S2, S4, and S5 periods by 13.3%, 19.3%,
and 44.6%, respectively. The breaking strength of the third
internode of the rice base also showed significant increases of
9.8%, 19.0%, and 59.0% in the S1, S4, and S5 periods,
respectively, compared with CK. Conversely, the breaking
strength of the fourth internode of the rice base significantly
increased by 9.6% and 41.1% in the S4 and S5 periods,
respectively, compared with CK. In the S2 period, the MP
treatment significantly increased the bending strength between
each node compared with both LP and HP treatments. During
the S4 period, the bending strength of each node under MP
treatment was significantly higher than that under LP treatment,
while no significant difference was observed between HP and MP
treatments. In the S5 period, the bending strength was highest
under HP treatment in the second and third internodes of the rice
base. Both PCA and correlation analysis showed a significant
negative correlation between LI and breaking strength (Figure 1).

3.3 Plant height, gravity center height, and
internode length

S had significant effects on plant height, gravity center height,
and the fourth internode of rice base length (Figure 2; Table 3). P
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significantly affects plant height and the third and fourth internodes
of rice base length. Additionally, the interaction between S and P
significantly affected plant height and the fourth internode
of length.

Compared with CK, S1, S2, S3, and S4 resulted in significant
reductions in plant height by 2.7%-3.9%, 6.5%-7.7%, 5.0%-5.4%, and
2.6%-3.8%, respectively, over 2 years. Additionally, in 2023, S5
exhibited a significant decrease in plant height by 1.5%
(Figures 2A,B). In the same paclobutrazol spray period, a decrease
in plant height was observed with increasing concentrations of
paclobutrazol, with the lowest plant height recorded under HP
treatment during the S2 period. The gravity center height initially
decreased before subsequently increasing with the delaying
paclobutrazol spray period (Table 3). Compared with CK, the S2,
S3, and S4 periods exhibited significant decreases of 8.9%, 5.6%, and
4.8%, respectively. There was no significant effect on the gravity
center height at different concentrations of paclobutrazol during the
same spray period.

There was no significant difference in the second internode of
rice base length, compared to the CK, across different paclobutrazol
spraying periods, nor was there a significant difference between the
various spraying concentrations within the same period (Table 3).
The third internode of rice base length was significantly reduced by
16.4%, 24.7%, 27.4%, 24.7%, and 20.5% during the S1, S2, S3, $4,
and S5 periods, respectively, compared to CK. Similarly, the fourth
internode of rice base length was significantly reduced by 11.4%,
12.4%, 8.6%, 5.7%, and 5.7% during the S1, S2, S3, S4, and S5
periods, respectively. Additionally, during the S1 period, the lengths
of both the third and fourth internodes of the rice base were
significantly reduced under HP treatment. In the S2 period, the
length of the third and fourth internodes of the rice base was at its
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TABLE 2 Effects of different spraying periods and concentrations of paclobutrazol on the bending moment, breaking strength, and lodging index of rice in 2024.

Bending moment (WP, g cm)

Breaking strength (M, g cm)

Lodging index (LI, %)

Spraying Paclobutrazol

period (S) concentration (P) 12 13 14 12 13 14 12 13
LpP 1,856.5 + 97.3a 1,675.3 + 86.2a 1,389.9 + 64.0a  2,704.1 + 183.4a  2,180.3 + 58.9a 1,500.9 + 84.9a 68.8 + 5.52 76.8 + 2.1a 926 + 1.3a
MP 17722 + 1746a 16073 + 15692 1,3459 + 133.2a  2,688.8 + 237.2a  2,153.1 + 169.8a | 1,424.3 + 12392 65.9 + 0.7a 746 + 2.1a 945 + 3.2a

! HP 1,6359 + 108.6a  1,487.9 + 96.9a 1,2635 +87.8a  2,5663 +2082a  2,030.6 + 222.4a  1,517.9 * 121.7a 63.9 + 4.7a 73.7 +6.7a 833 +2.7b
Mean 1,754.9B 1,590.2B 1,333.1B 2,653.1C 2,121.3C 1,481.0C 66.2B 75.0B 90.1A
LP 1,543.0 + 82.3a 1,319.1 + 74.8b 1,048.1 + 647b | 2,7347 +199.8b  1,823.1 + 48.2¢ 1,322.3 + 90.5¢ 565+ 2.2a 724 + 422 793 + 1.6a
MP 1,608.9 + 43.8a 1,437.9 + 2352 1,203.8 + 1392 3,137.8 + 66.3a 2,221.1 + 15.6a 1,649.7 + 57.5a 513 +12b 64.7 + 0.8b 73.0 £ 1.8b

> HP 1,388.5 + 15.3b 1,232.5 + 8.5b 1,026.4 + 12.8b 2,773.0 + 22.1b 2,088.4 + 51.4b 1,509.4 + 64.2b 50.1 + 0.9b 59.0 + 1.1b 68.1 + 3.5b
Mean 1,513.5D 1,329.8D 1,092.7D 2,881.8B 2,044.2CD 1,493.8C 52.6D 65.4D 73.5C
LP 1,675.8 + 101a 14766 + 10242 | 1,2151+91.8a 23622+ 148.1a = 1911.6 +825a | 14328 + 11852 71.0 £ 3.3a 772 + 254 84.8 + 0.7a
MP 1,627.3 + 88.7a 14782 + 74.8 12473 7650 24056 +209.9a  1,989.8 + 11592  1,590.1 + 99.1a 67.9 + 5.0a 744 +3.2a 785 + 1.0b

» HP 1,642.9 + 61.3a 1,439.4 + 41.3a 1,1832 + 44.6a  2,6429 +2440a 21156 + 11242 1,653.9 * 106.2a 624 +3.7a 68.1 +2.7b 71.6 + 2.6¢
Mean 1,648.7C 1,464.7C 1,215.2C 2,470.2D 2,005.7CD 1,559.0C 67.1B 73.2BC 78.3B
LP 1,830.8 + 27.5a 1,639.9 + 1852 | 13617+ 17.5ab  2,826.5+ 1457b | 2,173.5 + 53.0b 1,645.4 + 22.1b 64.9 + 2.4a 755 + l.4a 82.8 + 2.1a
MP 1,829.6 + 78.4a 1,677.3 + 72.9a 1,423.5 + 59.2a 3,137.8 + 70.1a 2,401.4 + 51.4a 1,811.2 + 71.0a 583 + 3.1b 69.8 + 1.6b 78.6 + 1.9b

™ HP 1,704.0 + 1256 1,523.0 + 105.1a | 1,268.3 + 76.8b 3,1352+767a | 2319.7 + 119.1ab = 1,858.0 + 125.2a 543 +29¢ 65.6 + 1.7¢ 68.3 + 0.5¢
Mean 1,788.1B 1,613.4B 1,351.2B 3,033.2B 2,298.2B 1,771.5B 59.2C 70.3C 76.6BC
LP 1,9069 + 110.6a = 1,717.8 + 75.6a 14356 +372a 34133 +2920b  2,693.9 + 140.3¢ 2,138.6 + 7.4a 56.0 + 1.7a 63.9 + 5.52 67.1 + 1.52
MP 1,966.5 + 97.8a 1,764.5 + 97.1a 14756 + 87.1a  3,7247 + 157.1ab  3,061.2 £ 225.6b = 2,368.2 * 191.5a 52.8 + 2.2ab 57.7 + 1.7ab 625 + 4.4a

S5 HP 1,948.3 + 46.9a 1,757.3 + 41.9a 1,472.0 + 56.2a 3,898.0 + 49.2a 3,462.6 + 948a | 23299 + 152.2a 50.0 + 1.8b 50.8 + 2.5b 633 + 2.0a
Mean 1,940.5A 1,746.5A 1,461.0A 3,678.7A 3,072.6A 2,278.9A 52.9D 57.5E 64.3D
CK 1,973.6A 1,809.6A 1,508.0A 2,543.4CD 1,932.0D 1,615.6C 77.6A 93.7A 93.4A
S 26.5% 34.0% 36.6" 60.8* 112.5%* 85.1% 45.0% 47.8% 156.2%*

F value P 5,54 6.7% 7.2%¢ 6.5%* 17.0% 11.2¢ 20.8% 3774 82.8%
SxP 1.4 14 15 2.4% 6.3** 1.6 05 15 5.1%¢
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Lowercase letters in the same column indicate that the treatment of different concentrations of paclobutrazol during the same spraying period is significantly different (p < 0.05). Uppercase letters in the same column indicate significant differences in paclobutrazol
treatment during different spraying periods (p < 0.05). “*”: significant at p < 0.05; “**”: significant at p < 0.01.
12, the second internode of the rice base; I3, the third internode of the rice base; I4, the fourth internode of the rice base. LP, low concentration of paclobutrazol; MP, middle concentration of paclobutrazol; HP, high concentration of paclobutrazol; CK, spray

water treatment.
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FIGURE 1

Principal component analysis (A) and Spearman correlation (B)

between internode lodging index with bending moment and breaking

strength (n = 15). "*

": significant at p < 0.05.
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lowest under MP and HP treatments, respectively. In the S3 period,
both MP and HP treatments significantly reduced the length in the
third and fourth internodes of the rice base compared to LP
treatment. In the S4 period, only the fourth internode of rice base
length decreased significantly under MP treatment.

3.4 Internode diameter and culm wall
thickness

S had significant effects on the each internode of rice base
diameter and culm wall thickness (Table 3). P significantly affected
the fourth internode of rice base diameter and each internode of rice
base culm wall thickness.

Paclobutrazol spraying resulted in a significant increase in
internode diameter and culm wall thickness. Each internode
diameter and culm wall thickness increased significantly with
the delay of paclobutrazol spray periods. Compared with CK,
each internode diameter increased significantly by 13.3%-14.0%,
15.8%-26.7%, 17.5%-28.3%, 28.1%-31.7%, and 33.3%-43.1%
during the SI1, S2, S3, S4, and S5 periods, respectively.
Furthermore, the second internode of rice base diameter during
the S2 period, as well as the fourth internode of the rice base
during the S4 and S5 periods, increased significantly with higher
concentrations of paclobutrazol. Compared with CK, each
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FIGURE 2
The effects of different spraying periods and concentrations of paclobutrazol on rice plant height in 2023 (A) and 2024 (B), and the Spearman
correlation between internode lodging index and rice lodging parameters (C), n = 15. "*": significant at p < 0.05. Lowercase letters indicate that the
treatment of different concentrations of paclobutrazol during the same spraying period and year is significantly different (p<0.05). Capital letters
indicate that the treatment of different spraying period of paclobutrazol during the same year is significantly different (p<0.05).
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TABLE 3 Effects of different spraying periods and concentrations of paclobutrazol on the gravity center height, internode length, internode diameter, and culm wall thickness of rice in 2024.

Spraying Paclobutrazol Gravity center Internode length (INL, cm) Internode diameter (IND, mm) Culm wall thickness (CWT, mm)
period (S) concentration (P) height (GCH, cm) 12 13 14 12 13 14 12 13 14
Lp 450 + 2.6a 3.1+ 04a 6.4 +02a 10.3 +0.2a 56+ 0.1b 6.7 +09a 6.4 + 0.4a 1.7 +0.1a 1.8 + 0.4a 1.9 +02a
MP 46.5 + 0.9 2.8 + 0.4a 6.6 + 0.3a 9.3 + 0.7ab 58 +0.1a 6.8 +0.1a 6.6 +0.1a 1.8+ 0.1a 1.9 £ 0.1a 2.1+0.1a
! HP 46.8 + 0.3a 3.1+ 04a 53+ 0.4b 83 +03b 58+ 0.la 6.9 +0.1a 65 +0.2a 1.8 +02a 1.9 +0.2a 22+0.1a
Mean 46.1A 3.0B 6.1B 9.3D 5.8D 6.8C 6.5B 1.8D 1.9D 2.1C
Lp 440 + 3.52 3.8 +09a 6.3 +0.3a 95 +0.2a 6.4+ 0.52 7.6 +0.3a 6.6 +0.3a 20+02a 22+02a 20+ 0.1a
MP 423+ 12a 3.1+05a 5.0+ 0.8b 93+02a 65+ 0.5a 7.8 +0.3a 6.7 + 0.4a 21+0.1a 23+02a 22+0.1a
> HP 403 + 1.5a 32+ 0.6a 52 + 0.5ab 8.7 +0.2b 6.4 +0.2a 7.5 + 0.4a 6.6 + 0.52 22 +0.1a 26 +0.2a 22+03a
Mean £2.2C 3.4AB 5.5C 9.2D 6.4C 7.6B 6.6B 2.1C 2.4C 2.1C
LP 437+ 152 3.8 +0.3a 6.3 + 0.8a 10.1 £ 0.2a 6.2 + 0.6a 7.8 + 0.4a 6.7 +0.3a 2.1+03a 24+03a 22+02a
MP 435 +0.52 33 +04a 4.8 +0.2b 92+ 0.2b 63 +0.2a 7.6 +0.2a 6.6 +0.3a 2.1+03a 26+ 03a 22+02a
» HP 441 + 11a 37+07a 48 +0.5b 9.4 +03b 6.4 + 0.6 7.8 + 0.4a 6.8 +0.2a 23+0.1a 27+ 0.1a 23+0.1a
Mean 43.7B 3.6A 53C 9.6C 6.3C 7.7B 6.7B 2.2C 2.6BC 22C
LP 439+ 1.2a 34+ 0.4a 6.4 + 0.6a 10.1 £ 0.3a 6.5+ 0.3a 7.7 + 0.4a 7.0 £ 0.1b 2.3 +0.5a 23+0.2b 2.0 +0.1b
MP 435+ 0.5a 35+ Lla 50+ 0.3b 10.2 + 0.5a 6.7 +0.3a 8.1+ 0.4a 7.3 + 0.2ab 25+ 02a 27 +0.1a 2.6 +0.1a
™ HP 450 + 2.0a 40+0.2a 5.1 + 0.9ab 9.5+ 0.3a 6.8 +0.1a 8.1+02a 7.6 +0.2a 2.6 +0.1a 29 +0.2a 27 +02a
Mean 44.1B 3.6A 5.5C 9.9B 6.7B 7.9AB 7.3A 25B 2.6B 2.4B
Lp 467 + 0.6 34+02a 6.1+ 13a 10.0 + 0.5 73+02a 8.0 + 0.3a 7.1+0.1b 26 +0.1b 2.7 +0.1b 23 +02c
MP 472+ 03a 38+ 05a 6.0+ 1.1a 9.9 +0.8a 72+0.1a 82+ 0.4a 7.8 +0.2a 29+0.1a 3.0 +0.2ab 2.8+0.2b
S5 HP 46.5 + 0.9a 3.6 +0.2a 54+ 1.5 9.9 +0.7a 7.3 +0.2a 8.4 +03a 7.9 +0.2a 29 +0.1a 3.1+02a 2.8 +02a
Mean 46.8A 3.6A 5.8BC 9.9B 7.3A 8.24 7.6A 2.84 3.0A 2.6A
CK 46.3A 3.2AB 7.3A 10.5A 5.1E 6.0D 5.7C 1.4E 1.5E 1.3D
S 12.7% 2.0 15 5.7+ 25.1% 17.1% 325 30.5%* 34.8* 18.3*
F value P 0.0 0.8 8.7+ 13.0% 0.9 0.9 6.1 45* 10.4% 19.7%
SxP 16 07 11 2.4+ 03 0.4 18 03 07 17

Lowercase letters in the same column indicate that the treatment of different concentrations of paclobutrazol during the same spraying period is significantly different (p < 0.05). Uppercase letters in the same column indicate significant differences in paclobutrazol
treatment during different spraying periods (p < 0.05). “*”: significant at p < 0.05; “**”: significant at p < 0.01.

12, the second internode of the rice base; I3, the third internode of the rice base; I4, the fourth internode of the rice base. LP, low concentration of paclobutrazol; MP, middle concentration of paclobutrazol; HP, high concentration of paclobutrazol; CK, spray
water treatment.
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internode culm wall thickness increased significantly by 26.7%-  significant influence on the second and third internodes of the
61.5%, 38.1%-60.0%, 57.1%-73.3%, 73.3%-84.6%, and 93.3%-  rice base.
108.1% during the S1, S2, S3, S4, and S5 periods, respectively. Compared with CK, there was no significant effect on total dry

The culm wall thickness of the third and fourth internodes of the =~ weight during each spray period of polyphobulozole; however, a
rice base in the S4 period and the culm wall thickness of each  decreasing trend in total dry weight was observed during the S2
internode in S5 period increased significantly with the increase of ~ period. In both the S2 and S4 periods, total dry weight decreased
the concentration of polyphobulozole. significantly with the increase in spraying concentration. Notably,
the dry weight of the rice base second internode exhibited a

significant increase in each spraying period, compared with CK.

3.5 Dry weight of individual plants Furthermore, with the delay of the spraying period, the dry weight
of the rice base second internode continued to increase significantly.

S and P had significant effects on internode dry weight and total ~ In contrast, the dry weight of the rice base third internode showed a
dry weight (Table 4). The interaction between S and P had a  significant increase only during the S1 period, while the dry weight

TABLE 4 Effects of different spraying periods and concentrations of paclobutrazol on the total and internode dry weight of rice in 2024.

Internode dry weight (g)

Spraying period (S) Egﬁlgebnlﬁ;iiz:r: P) Total dry weight (g) > iz
LP 6.68 + 0.51a 017 % 0.03a 0.3 +0.03 0.48 + 0.14a
MP 5.87 +0.67a 0.11 +0.01b 0.3 +00la 0.33 + 0.04a
! HP 6.70 + 1.39 0.09 + 0.01b 0.3 +001a 0.39 + 0.05a
Mean 6.42A 0.12C 0.30A 0.40A
LP 627 +0.20a 0.16 + 0.04a 0.34 + 0.03a 0.34 % 0.01a
MP 5.59 + 0.14b 017 % 0.02a 0.20 + 0.01b 0.30 + 0.01ab
. HP 512 £ 0.07¢ 0.15 £ 0.02a 0.21 + 0.05b 0.26 + 0.03b
Mean 5.66B 0.16B 0.25C 0.30B
LP 644 + 0.42a 0.16 + 0.02a 0.28 + 0.02a 0.33 + 0.09a
MP 634 +047a 0.14 + 0.06a 0.25 + 0.01a 0.34 + 0.01a
¥ HP 5.51 +0.252 021 +0.02a 0.25 + 0.02a 0.35 + 0.03a
Mean 6.10AB 0.17B 0.26C 0.34AB
LP 671 +024a 0.20 £ 0.02a 032 %00la 047 0.01a
MP 6.00 £ 0.27b 0.19 % 0.01ab 0.23 + 0.02b 0.36 + 0.02b
™ HP 542 + 0.40c 0.16 + 0.02b 0.25 + 0.01b 0.35 + 0.02b
Mean 6.04AB 0.18AB 0.27C 0.39A
LP 6.61 + 035 0.26 + 0.03a 0.35 % 0.01a 0.46 + 0.04a
MP 663 + 039 021 + 0.03a 0.29 + 0.01b 0.38 £ 0.01b
S5 HP 629 +0.252 0.14 + 0.01b 0.24 % 0.03¢ 0.35 £ 0.01b
Mean 6.51A 0.21A 0.30AB 0.40A
CK 6.00AB 0.06D 0.27BC 0.39A
S 3.8% 12.4% 9.6% 7.2%
F value P 7.7 8.6% 403 11.8%
SxP 16 5.3 6.8% 1.9

Lowercase letters in the same column indicate that the treatment of different concentrations of paclobutrazol during the same spraying period is significantly different (p < 0.05). Uppercase letters
in the same column indicate significant differences in paclobutrazol treatment during different spraying periods (p < 0.05). “*”: significant at p < 0.05; “**”: significant at p < 0.01.

12, the second internode of the rice base; I3, the third internode of the rice base; 14, the fourth internode of the rice base. LP, low concentration of paclobutrazol; MP, middle concentration of
paclobutrazol; HP, high concentration of paclobutrazol; CK, spray water treatment.
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of the rice base fourth internode showed a significant decrease in the
S2 period. During the S1 period, the dry weight of the rice base
second internode significantly decreased with increasing spraying
concentration. In the S2 period, there was a notable decreasing
trend in the dry weight of the rice base third and fourth internodes
as the spraying concentration increased. Additionally, in the S4 and
S5 periods, each internode dry weight significantly decreased with
higher spraying concentrations.

3.6 The difference of non-target
metabolome in different spray periods of
paclobutrazol

Compared with CK, positive ions significantly upregulated 194,
97, and 88 metabolites, while downregulating 141, 195, and 184
metabolites under EP, MP, and DP treatments, respectively
(Figure 3A). The negative ions significantly upregulated 115, 95,
and 90 metabolites and downregulated 178, 176, and 157
metabolites under EP, MP, and DP treatments, respectively,
compared with CK (Figure 3C). Additionally, there were 147 and
170 identical metabolites observed in the groups of positive and
negative ions, respectively (Figures 3B, D). The MetPA analysis
shows that the top five enrichment pathways of positive ions are
glycerophospholipid metabolism, caffeine metabolism, riboflavin
metabolism, arachidonic acid metabolism, and cyanoamino acid
metabolism under different spray period treatments, compared with
CK, respectively (Figures 4A-C). The top five enrichment pathways
of negative ions are monobactam biosynthesis; lysine biosynthesis;

10.3389/fagro.2025.1603904

glycine, serine, and threonine metabolism; caffeine metabolism; and
C5-branched dibasic acid metabolism under different spray period
treatments, compared with CK, respectively (Figures 4D-F).

Further analysis of metabolites in the METPA-enriched
metabolic pathway showed that glycerophosphocholine,
diaminopimelic acid, and 1-methyluric acid decreased significantly
with the delay of the paclobutrazol spray period (Figures 5, 6).
However, (-)-riboflavin, S-methyl-5'-thioadenosine, prunasin, and
phosphoric acid were significantly increased with the delay of the
paclobutrazol spray period. Choline, phosphorylcholine,
paraxanthine, and 1,7-dimethyluric acid reached their lowest levels
under MP treatment, whereas mandelonitrile, lysine, and sarcosine
reached their highest levels under MP treatment.

3.7 The difference of non-target
metabolome in different concentrations of
paclobutrazol

The positive ions significantly upregulated 139, 97, and 160
metabolites, while downregulating 151, 195, and 120 metabolites
under LP, MP, and HP treatments, respectively, compared with CK
(Figure 7A). The negative ions significantly upregulated 98, 95, and
124 metabolites and downregulated 167, 176, and 114 metabolites
under LP, MP, and HP treatments, respectively, compared with CK
(Figure 7C). There were 168 and 143 identical metabolites observed
in the groups of positive and negative ions, respectively (Figures 7B,
D). The MetPA analysis shows that the top five enrichment
pathways of positive ions are biosynthesis of secondary

CK-vs-EP CK-vs-MP

CK-vs-DP

FIGURE 3

The metabolites of positive ions (A, B) and negative ions (C, D) were differentially expressed in the second internode of the rice base under different
spraying periods of paclobutrazol. CK, spray water treatment; EP, 200 mg/L of paclobutrazol was sprayed on S1 stage (July 19); MP, 200 mg/L of
paclobutrazol was sprayed on S3 stage (August 2); DP, 200 mg/L of paclobutrazol was sprayed on S5 stage (August 16).
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The MetPA analysis of positive ion (A, B, C) and negative ion (D, E, F) metabolites of paclobutrazol was different under EP (A, D), MP (B, E), and DP
(C, F) treatments, respectively, compared with CK.
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FIGURE 5

The MetPA analysis of positive ion differentially expressed metabolites under different spraying periods of paclobutrazol. CK, spray water treatment;
EP, 200 mg/L of paclobutrazol was sprayed on S1 stage (July 19); MP, 200 mg/L of paclobutrazol was sprayed on S3 stage (August 2); DP, 200 mg/L

of paclobutrazol was sprayed on S5 stage (August 16).

metabolites—other antibiotics; riboflavin metabolism; porphyrin
and chlorophyll metabolism; sphingolipid metabolism; and valine,
leucine, and isoleucine degradation under different concentrations
of paclobutrazol, compared with CK, respectively (Figures 8A-C).
The top five enrichment pathways of negative ions are glyoxylate
and dicarboxylate metabolism; glycine, serine, and threonine
metabolism; caffeine metabolism; citrate cycle; and valine, leucine,
and isoleucine biosynthesis under different concentration
treatments, compared with CK, respectively (Figures 8D-F).

4 Discussion

Previous studies have demonstrated that a moderate
concentration of paclobutrazol can increase rice yield, but a high
concentration of paclobutrazol decreases rice yield (Sinniah et al,
2012; Syahputra et al, 2016). Our study showed that rice yield
exhibited a significant decreasing trend with the increasing
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concentration of paclobutrazol during the same spraying period
from 2023 to 2024 (Table 1). Syahputra et al. (2016) reported that
high doses of paclobutrazol inhibited the development of rice
spikelets. Analysis of yield components revealed that the decrease
in yield was associated with the decrease in effective panicle,
spikelets per panicle, and grain filling (Table 1). This might be
attributed to the higher paclobutrazol application decreasing
chlorophyll content and the net photosynthetic rate of the leaves,
inhibiting rice dry matter accumulation, and reducing rice yield
components (Assuero et al., 2012; Mehmood et al., 2021). The next
step should be to explore the effects of paclobutrazol on rice yield
from the perspectives of rice physiology such as enzymes,
hormones, and grain filling characteristics. The spray period of
paclobutrazol either decreased or had no significant effect on rice
yield, with the exception of S4 in 2024 (Table 1). The significant
reduction in spikelets per panicle and grain filling might be due to
the inhibited rice growth and decreased dry matter accumulation
during the tillering stage (S1 and S2 periods) (Liao et al., 2023).
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The MetPA analysis of negative ion differentially expressed metabolites under different spraying periods of paclobutrazol. CK, spray water treatment;
EP, 200 mg/L of paclobutrazol was sprayed on S1 stage (July 19); MP, 200 mg/L of paclobutrazol was sprayed on S3 stage (August 2); DP, 200 mg/L

of paclobutrazol was sprayed on S5 stage (August 16).

However, the spray period of paclobutrazol at the booting stage (S5
period) may affect anther activity or grain fertilization, thereby
significantly reducing rice yield (Maheshwari et al., 2024). Notably,
in 2024, the significant increase in yield and grain filling observed
during the S4 period was attributed to varying degrees of rice
lodging under other treatments, which were influenced by
a typhoon.

Paclobutrazol is among the most widely utilized plant growth
regulators, known for its ability to significantly enhance the
mechanical strength of the internodes at the base of canola,
sesame, and rice (Kuai et al., 2015; Mehmood et al.,, 2021; Liao
et al,, 2023). In this study, the LI was significantly reduced under
different spraying periods of paclobutrazol in each internode
(Table 2), corroborating the findings of previous research (Kuai
et al,, 2015; Liao et al, 2023). The lodging resistance of rice is
influenced by various factors, including its physical, morphological,
and anatomical characteristics, and the physicochemical
components of the stem (Lv et al., 2022). The primary cause of
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crop lodging is the imbalance between the mechanical support
capacity of the stem and the load imposed on the upper part of the
plant (Lv et al., 2022). In this study, both PCA and correlation
analysis indicated that the increase in breaking strength was the
primary factor contributing to the significant decrease in each
internode LI during the S5 period and under HP treatment
(Table 2; Figure 1). Plant height, internode length, internode
diameter, and culm wall thickness are critical indicators of stem
morphology (Zhang et al., 2014). Previous studies have
demonstrated that higher plant height increases the susceptibility
of rice to lodging, while shorter internode lengths and larger
internode diameters and culm wall thickness enhance lodging
resistance (Lv et al, 2022). Our study indicates that internode
diameter and culm wall thickness were negatively correlated with LI
of rice (Figure 2). A strong source and stem is fundamental for
achieving high and stable yields of rice (Wang et al, 2022).
Numerous studies have demonstrated that the application of
paclobutrazol in the jointing stage can increase the internode
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FIGURE 7

The metabolites of positive ions (A, B) and negative ions (C, D) were differentially expressed in the second internode of the rice base under different
concentrations of paclobutrazol. CK, spray water treatment; LP, 100 mg/L of paclobutrazol was sprayed on S3 stage (August 2); MP, 200 mg/L of
paclobutrazol was sprayed on S3 stage (August 2); HP, 300 mg/L of paclobutrazol was sprayed on S3 stage (August 2).

diameter and culm wall thickness, improve plant structure, and
increase lodging resistance, thereby contributing to higher rice
yields (Mehmood et al., 2021; Liao et al., 2023; Zhang et al,,
2014). However, during the tillering stage, a significant decrease
in plant height was observed following paclobutrazol injection,
which may result in insufficient grain filling or even yield
reduction (Wang et al., 2022). Similarly, we observed a significant
reduction in plant height due to the application of paclobutrazol at
the tillering stage (S2 period), whereas internode diameter and culm
wall thickness were significantly increased by paclobutrazol at the
jointing stage (S4 period) or booting stage (S5 period) (Table 3). In
conclusion, the application of 200 mg/L of paclobutrazol at the
jointing stage not only stabilizes rice yield but also significantly
enhances lodging resistance by increasing internode diameter and
culm wall thickness.

Previous studies have suggested that the application of
paclobutrazol may inhibit the synthesis of gibberellin in rice,
increase the activity of indoleacetic acid oxidase, and regulate the
contents of indole-3-acetic acid (IAA) and abscisic acid (ABA) (Yan
etal., 2016). These effects contribute to the inhibition of rice growth
while promoting tillering, thereby enhancing lodging resistance and
ultimately increasing yield. In our investigation of the effects of
paclobutrazol spraying at various periods on rice stems, we
identified the top five significant pathways associated with both
positive and negative ion patterns through MetPA enrichment
analysis (Supplementary Figures S2-S11). Furthermore, we
performed a statistical analysis on the differential metabolites
present within these pathways, as illustrated in Figures 5, 6. In
this study, we found that the mandelonitrile content in the
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cyanoamino acid metabolism significantly increased during the
jointing stage (Figure 5). This increase of mandelonitrile content
may enhance the transport of essential nutrients in rice stems,
facilitate the turnover process, and regulate oxidative stress (Arnaiz
et al,, 2023). Therefore, it promotes the elongation of the internode
diameter of the stem (Table 3). The application of polybulobuzole at
the jointing stage significantly increased the sarcosine content in
glycine, serine, and threonine metabolism of rice stems (Figure 6).
These results enhanced the production of glycine through oxidative
demethylation, which positively influenced the growth and
development of rice, promoting higher culm wall thickness and
leaf area (Lahham et al., 2021). Our research also confirmed this
view. Spraying paclobutrazol during the jointing stage may
significantly promote the diameter of the stem internodes,
especially the fourth internode, by significantly increasing the
sarcosine content (Table 3). Glycerophospholipid metabolism is
primarily associated with the functions of plant cell membranes
(Nakamura, 2021). The application of paclobutrazol during the
jointing stage significantly reduced the phosphatidylcholine
content, compared to other paclobutrazol spray periods and CK
(Figure 5). This reduction may inhibit certain aspects of the lipid
metabolism process in rice stems (Nakamura, 2021). Similarly, the
contents of paraxanthine and 1,7-dimethyluric acid are significantly
decreased in caffeine metabolism (Figures 5, 6). The specific
expression of these pathways and metabolites might be the main
reason for the shortening of internode length during the jointing
stage, especially the length of the third internode (Table 3). In future
studies, the relationship between the alterations in metabolites
induced by paclobutrazol spraying at varying time intervals and
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The MetPA analysis of positive ion (A, B, C) and negative ion (D, E, F) metabolites of paclobutrazol was different under LP (A, D), MP (B, E), and HP
(C, F) treatments, respectively, compared with CK.
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the morphological characteristics of rice stems will necessitate
further verification across a broader range of rice varieties and
over multiple years.

Plant growth regulators, such as paclobutrazol and
prohexadione calcium, can enhance the lodging resistance of rice,
and high concentrations of these regulators are detrimental to the
growth and development of the plant (Lv et al., 2022; Liao et al,
2023). In the present study, the high concentrations of paclobutrazol
significantly reduced the pinoresinol content in the biosynthesis of
secondary metabolism of rice stems (Figure 9). Pinoresinol, a
precursor in lignan synthesis, may impair the plant’s defense
mechanisms and antioxidant capacity due to its reduced levels
(Xiao et al., 2021). Previous studies have demonstrated that
paclobutrazol can influence carbon and nitrogen metabolism,
particularly in relation to organic acid and potassium metabolism
(Sha et al,, 2021). This might be the main reason for the significant
reduction in internode dry weight and length at a high paclobutrazol
concentration (Tables 3 and 4). Notably, isocitrate, a crucial
intermediate in the tricarboxylic acid (TCA) cycle, was found to
be significantly elevated following treatment with high
concentrations of paclobutrazol, possibly disrupting the absorption
and transport of potassium ions in stems (Sha et al., 2021), thereby
reducing the dry weight and length of the internodes. Furthermore,
our study revealed that isocitrate levels were also significantly
increased in glyoxylate and dicarboxylate metabolism under high
concentrations of paclobutrazol (Figure 10). This increase may have
substantial implications for succinate, malate, metabolic energy
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regulation, and carbon skeleton supply (Kunze et al., 2006). The
relationship between high-concentration paclobutrazol and the
promotion of lateral internode growth necessitates further
investigation. Pheophytin-a and leucine could increase rice stem
nitrogen content, leaf photosynthetic utilization efficiency, stem
growth, and stress resistance. Thus, the increase in pheophytin-a
within porphyrin and chlorophyll metabolism, along with leucine in
valine, leucine, and isoleucine degradation, might be the main
reasons for the improvement of rice lodging resistance and stable
yield through appropriate concentration of paclobutrazol
treatment (Figure 9).

5 Conclusions

Spraying paclobutrazol can significantly reduce the LI.
However, spraying during the tillering stage (S1 and S2) and the
young panicle stage (S5) results in decreased rice yield due to a
reduction in the spikelets per panicle and grain filling. Additionally,
high concentrations of paclobutrazol during these stages are not
conducive to grain firming and yield formation. In contrast,
applying paclobutrazol during the jointing stage (S4) under MP
treatment can stabilize or even increase yield while simultaneously
reducing the LI, making this the optimal period and concentration
for spraying. Spraying paclobutrazol at the tillering stage primarily
reduces plant height, internode length, gravity center height, and
bending moment, thereby lowering the LI. Conversely, spraying
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The MetPA analysis of negative ion differentially expressed metabolites under different concentrations of paclobutrazol. CK, spray water treatment;
LP, 100 mg/L of paclobutrazol was sprayed on S3 stage (August 2); MP, 200 mg/L of paclobutrazol was sprayed on S3 stage (August 2); HP, 300 mg/
L of paclobutrazol was sprayed on S3 stage (August 2).

during the jointing and young panicle stages primarily increases
internode diameter and culm wall thickness, which also contributes

to a reduction in the LI. The non-target metabolome results at

various paclobutrazol spraying periods indicated a significant

increase in mandelonitrile and sarcosine contents within

cyanoamino acid metabolism and glycine, serine, and threonine
metabolism during the S4 period, suggesting that it is beneficial to

Frontiers in Agronomy

18

the development and thickening of stem walls. The non-target

metabolome results from varying concentrations of paclobutrazol

treatment suggest that the increase in pheophytin-a within

porphyrin and chlorophyll metabolism, along with leucine in the

degradation of valine, leucine, and isoleucine, might be key
contributors to the enhancement of rice lodging resistance and

stable yield under MP treatment.
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