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Regulatory effects of plant
growth regulators and
micro-fertilizers on recovery
of fragrant rice seedlings from
simulated transplanting injury
Xiangyi Yu†, Xiaoqing Du†, Xiaoying Liang,
Zixuan Wang and Zhaowen Mo*

College of Agriculture, South China Agricultural University, Guangzhou, China
Plant growth regulators (PGRs) and micro-fertilizers (MFs) and are widely used to
modulate crop growth and physiological processes. This study evaluated the
foliar application of speci�c PGRs and MFs on promoting fragrant rice seedling
recovery after simulated transplanting injury. Two fragrant rice cultivars
(Xiangyaxiangzhan and Yuxiangyouzhan) were grown hydroponically and
exposed to an arti�cial treatment to simulate mechanical transplanting injury.
The experiment comprised four treatment groups, foliar-sprayed of 100 mg·L-1

gibberellin (T1), 2 mg·L-1 indolebutyric acid (T2), Mg fertilizers (T3, 2 mg·L-1 Mg2+),
and Zn fertilizers (T4, 2 mg·L-1 Zn2+), respectively. We established two control
groups, including a non-injured (CK0) and a simulated root injury (CK) treatment,
and neither received PGRs or MFs. The seedling growth morphology and
physiological indices were measured and analyzed. The results demonstrated
that PGR and MF application signi�cantly altered the growth and physiological
performance of rice seedlings under simulated transplanting injury, with effects
varying by treatments and varieties. Compared with CK, the T1 treatment
increased stem fresh weight (25.88-38.4%), stem fresh weight ratio, plant
height, stem and leaf length, leaf catalase activity, stem superoxide dismutase
activity, and reduced leaf malondialdehyde content. The T2 treatment induced
changes in antioxidant enzyme activities, speci�cally leading to an enhancement
in stem superoxide dismutase activity (112.15-165.64%). The T3 treatment
signi�cantly increased the root-shoot ratio (21.74-23.07%), root fresh weight
ratio, root dry weight ratio, and superoxide dismutase activity in root and stem
relative to CK. The T4 treatment signi�cantly increased the root fresh weight ratio
(18.32-43.03%), superoxide dismutase activity in various tissues, and peroxidase
activity in root relative to CK. These �ndings indicate that PGRs and MFs can
effectively regulate growth and antioxidant response in fragrant rice seedlings
under simulated mechanical transplanting injury.
KEYWORDS

antioxidant enzymes, fragrant rice seedling, growth, micro-fertilizers, plant growth
regulators, transplanting injury
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1 Introduction

Rice is a major food crop, serving as the staple food for more
than half of the global population (Danso Ofori et al., 2025). With
the continual growth of the world’s population, a further increase in
total rice yield will be necessary over the next decade (Subudhi,
2023). Driven by a shortage of labor, the mechanization of rice
cultivation has become an essential development for China, a major
produce (Chen et al., 2018; Tao et al., 2019; Min et al., 2021).

Mechanized rice farming primarily employs two methods:
mechanical transplanting and direct seeding (Hong et al., 2022).
Despite its wider adoption owing to stable yields from controlled
nursery conditions, mechanical transplanting has the fundamental
drawback of unavoidable transplanting injury (Xing et al., 2017; Yu
et al., 2019). Transplanting injury adversely affects seedlings by
delaying rejuvenation and hindering establishment, which
negatively impacts �nal yield and quality formation (Singh and
Singh, 2014). Researchers have reported that mechanical
transplanting results in a 31.26% lower rice grain yield than
manual transplanting (Liu et al., 2015). Therefore, alleviating
transplanting injury in mechanical rice transplanting is of
paramount importance for achieving high yields and
superior quality.

Traditional nursery-based cultivation enhances transplanted
rice yield primarily by boosting seedling vigor through improved
dry matter and nutrient content (Ros et al., 2003). This effect can be
achieved through the foliar application of PGRs and MFs during the
rice seedling stage. Previous studies on PGRs, such as the use of N-
acetylcysteine priming to boost antioxidant and photosynthetic
performance (He et al., 2022), have shown ef�cacy in mitigating
mechanical transplanting injury. Similarly, MFs applied via foliar
spray hold potential for comparable bene�ts. Orysastrobin
mitigates transplanting injury in rice through blocking
transpiration, maintaining water content, and scavenging ROS,
which curbs hydrogen peroxide overproduction and water loss
(Takahashi et al., 2017). Soaking seeds with 50 mg L-1 melatonin
improved root regeneration, cell division, elongation, and
chlorophyll content, which in turn facilitated seedling recovery
and establishment following mechanical transplanting (Lin X,
et al., 2018). Root soaking with brassinolide repairs transplanting
injury in machine-transplanted rice seedlings by elevating
antioxidant enzyme activities and endogenous hormone levels,
thereby reducing hydrogen peroxide content. (Li et al., 2020a).
Triacontanol alleviates transplanting injury in mechanically
transplanted rice by enhancing the seedling antioxidant system
and modulating key enzymes in the ASA-GSH cycle, thereby
improving the ASA/GSH redox state, maintaining photosynthetic
capacity (Li et al., 2016). Micro-fertilizers (MFs) have been shown
to exert effects equivalent to those of PGRs. For example, optimal
selenium supply promotes rice seedling growth by enhancing
antioxidant capacity (Liu et al., 2024). Elevated Fe�+ from rice
straw return paradoxically enhances iron uptake and reduces root
oxidative stress yet ultimately inhibits rice seedling growth (Li et al.,
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2025). Therefore, PGRs and MFs are crucial for mitigating the
injury caused to rice seedlings by mechanical transplanting.

Previous studies have demonstrated that plant growth
regulators (PGRs), such as indolebutyric acid and gibberellin, and
micro-fertilizers (MFs), including Mg and Zn fertilizers, can
enhance shoot and root growth in plants (Chou et al., 2011;
Prom-u-thai et al., 2012; Stuepp et al., 2015; Matusmoto et al.,
2016; Singh Patel et al., 2022). Based on these �ndings, it was
hypothesized that PGRs and MFs may also regulate the recovery of
rice seedlings from transplanting injury. The present study thus
aimed to investigate the regulatory effects of micro-fertilizers and
plant growth regulators on the recovery of rice seedlings under
simulated transplanting injury conditions. A hydroponic
experiment was conducted using two fragrant rice cultivars
subjected to arti�cially simulated mechanical transplanting injury.
The plants were grown under four different PGR and MF
treatments, and seedling growth morphological traits along with
physiological parameters were measured to evaluate their regulatory
effects on transplanting injury alleviation.
2 Materials and methods

2.1 Experiment description and treatments

This experiment was conducted at the College of Agriculture,
South China Agricultural University (SCAU), Guangzhou, China.
The fragrant rice varieties selected for the experiment were the
indica cultivars Xiangyaxiangzhan and Yuxiangyouzhan, which
were provided by the College of Agriculture, SCAU.
Xiangyaxiangzhan and Yuxiangyouzhan are popular high-quality
fragrant rice varieties in South China. Xiangyaxiangzhan is a
conventional indica rice variety characterized by poor agronomic
performance and environmental susceptibility (Liang et al., 2023),
but also by its superior aroma and �avor quality (Qing et al., 2022).
Yuxiangyouzhan is a super rice variety notable for its high
productivity and wide adaptability (Chen et al., 2023). It exhibits
vigorous growth and strong resistance to environmental stresses
(Liu et al., 2020), and has shown particularly strong performance
under low-temperature conditions (Li et al., 2019). Given the
known differences between the two fragrant rice varieties,
Xiangyaxiangzhan and Yuxiangyouzhan were selected as
experimental materials to investigate the effects of the PGRs or
MFs on recovery of fragrant rice seedlings from simulated
transplanting injury.

The experiment included four treatment groups: T1, foliar-
sprayed with 100 mg•L� 1 gibberellin; T2, foliar-sprayed with
2 mg•L� 1 indolebutyric acid; T3, treated with Mg fertilizer
(2 mg•L� 1 Mg�+); and T4, treated with Zn fertilizer (2 mg•L� 1

Zn�+). Two control groups were also established: a non-injured
control (CK0) and a simulated root-injured control (CK), neither of
which received PGRs or MFs. Rice seeds were soaked, germinated,
and raised in a nursery. Uniform seedlings at the one-leaf stage were
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selected and cultivated hydroponically for 14 days. The hydroponic
pots measured 65.0 cm (L) × 41.0 cm (W) × 15.5 cm (H). Seedlings
were secured using �oating boards with uniformly spaced circular
holes (2.0 cm diameter, 4.0 cm center-to-center distance). The
experiment consisted of six hydroponic pots, each containing
seed l ing s o f bo th cu l t i va r s , X iangyax iangzhan and
Yuxiangyouzhan. On the 8th day of hydroponic cultivation,
seedlings underwent a simulated root injury treatment, wherein
roots were trimmed to a uniform length of 1.5 cm to mimic the
damage associated with mechanical transplanting. Foliar sprays
were then applied daily for three consecutive days following the
injury. On the 14th day, seedlings were sampled for the
measurement of growth, morphological, and physiological indices.

The nutrient solution for the seedling growth in the pot was the
Kimura B nutrient solution and was prepared according to Huang
et al. (2020), and the pH value was adjusted to 4.7–4.9. The nutrient
solution included the following: Stock 1 of 500 mL with KNO3 and
Ca(NO3)2•4H2O; Stock 2 of 500 mL with MgSO4•7H2O, K2SO4, and
(NH4)2SO4; Stock 3 of 500 mL with KH2PO4; Stock 4 of 1000 mL
with FeSO4•7H2O and Na2EDTA; and Stock 5 of 500 mL with
MnCl2•4H2O, ZnSO4•7H2O, CuSO4•5H2O, H3BO3, and (NH4)
6Mo7O24•4H2O (Zhuang et al., 2025). The nutrient solution was
replaced every three days.
2.2 Sampling and measurement

2.2.1 Morphological parameter measurements
Morphological measurements were conducted on uniformly

grown, representative seedlings from each treatment. Randomly
sampled plants were used to measure plant height, root length, stem
length, leaf length, leaf width, number of green leaves per plant. For
biomass determination, plants were separated into root, stem, and
leaf tissues. Fresh weights were immediately measured (analytical
balance, PRACTUM124-1CN). Tissues were then dried at 80°C
until constant weight before dry weight measurement.
Measurements were repeated four times, with ten plants per
replicate. The distribution of biomass among different plant parts
was then calculated. The speci�c leaf weight was calculated using
formula: leaf weight/leaf area. The root-shoot ratio was calculated
using the formula: dry weight of belowground parts/dry weight of
aboveground parts.

2.2.2 Physiological parameter measurements
The root, stem, and leaf samples from representative seedlings

were collected for physiological assays, frozen immediately in liquid
nitrogen, and stored at -80°C for subsequent analysis. The activities
of antioxidant enzymes, including catalase (CAT), superoxide
dismutase (SOD), and peroxidase (POD), as well as the
malondialdehyde (MDA) content, were determined following the
method of Li et al. (2019) with minor modi�cations. Brie�y, crude
enzyme extracts were prepared by homogenizing 0.1 g of fresh
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tissue in phosphate buffered saline (PBS, pH 7.8), followed by
centrifugation at 8,000 rpm for 15 min at 4°C (Drummond and
Austin-Tse, 2013).

SOD activity was assayed by adding the extract to a reaction
mixture containing sodium phosphate buffer, methionine, nitroblue
tetrazolium chloride, and EDTA. After adding ribo�avin, the
mixture was exposed to 4000 lx light for 20 min, and absorbance
was read at 560 nm. One unit of SOD was de�ned as the amount
causing 50% inhibition of the control reaction (Li et al., 2020b).
POD activity was determined by mixing the extract with PBS and
guaiacol, initiating the reaction with hydrogen peroxide, and
monitoring the absorbance change at 470 nm every 30 s for 2.5
min (Lin et al., 2024). CAT activity was measured by adding the
extract to a mixture of ultrapure water and hydrogen peroxide. The
decrease in absorbance at 240 nm was recorded every 30 s for 2 min.
One unit was de�ned as a decrease of 0.01 Abs per minute (Pan
et al., 2013). MDA content was analyzed by heating the extract with
thiobarbituric acid in a boiling water bath for 30 min. After cooling
and centrifugation, absorbance of the supernatant was measured at
532, 600, and 450 nm for calculation (Li et al., 2020b).
2.3 Data analysis

Experimental data were recorded and organized using
Microsoft Of�ce 2013, and means and standard deviations (SE)
were calculated. Analysis of variance and multiple comparisons
using the Least Signi�cant Difference (LSD) method were
performed using Statistix 8.0. Results were considered signi�cant
when p < 0.05.
3 Results

3.1 Total biomass and growth parameters

The variety, treatment and interaction between variety and
treatment signi�cantly affected total fresh weight, total dry weight,
root-shoot ratio, and dry weight per seedling height (p < 0.05)
(Table 1). Compared with CK0, the CK treatment led to reductions
in total fresh weight, total dry weight, and root-shoot ratio. In
Xiangyaxiangzhan, all four treatments increased total fresh weight
relative to CK, with T4 producing a signi�cant increase of 37.41%,
whereas in Yuxiangyouzhan, only T1 and T3 enhanced total fresh
weight (Figure 1A). Similarly, for total dry weight, all four
treatments resulted in higher values in Xiangyaxiangzhan
compared to CK, while in Yuxiangyouzhan only T3 showed an
increase (Figure 1B). Regarding the root-shoot ratio, T3 effectively
raised 21.43% in Yuxiangyouzhan (Figure 1C). For dry weight per
seedl ing height , T2, T3, and T4 led to increases in
Xiangyaxiangzhan compare with CK, while in Yuxiangyouzhan
only T3 caused an increase (Figure 1D).
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3.2 Fresh weight and plant tissue
distribution

The variety, treatment and interaction between variety and
treatment signi�cantly affected leaf fresh weight (p < 0.05)
(Table 1). As shown in Figure 2, compared with CK0, the CK
treatment resulted in decreased leaf, stem, and root fresh weight.
For Xiangyaxiangzhan, treatments T1, T2, and T4 increased leaf
fresh weight relative to CK, whereas in Yuxiangyouzhan, only T3
led to an increase (Figure 2A). Regarding stem fresh weight, T1
showing pronounced rise at 38.36%; in Yuxiangyouzhan, T1 being
signi�cantly increased the stem fresh weight (Figure 2B). For root
fresh weight, all four treatments increased it in Xiangyaxiangzhan,
while in Yuxiangyouzhan, increases were observed under T2, T3,
and T4 (Figure 2C). Finally, shoot fresh weight was elevated by T1,
T2, and T4 in Xiangyaxiangzhan, and by T1 and T3 in
Yuxiangyouzhan (Figure 2D).

The variety, treatment and interaction between variety and
treatment signi�cantly affected leaf and stem fresh weight
(p < 0.05) (Table 1). As shown in Figure 2, compared with CK0,
the CK treatment resulted in increased leaf and stem fresh weight
ratios. In Xiangyaxiangzhan, treatments T1 and T2 elevated the leaf
fresh weight ratio relative to CK (Figure 2E). Regarding the stem
fresh weight ratio, T3 and T4 showing signi�cant reductions in in
Xiangyaxiangzhan; similarly, in Yuxiangyouzhan, T2 and T3
reduced the stem fresh weight ratio (Figure 2F). For root fresh
weight ratio, treatments T3 and T4 in Xiangyaxiangzhan produced
signi�cant increases of 21.61% and 18.32%, respectively. In
Yuxiangyouzhan, T3 signi�cantly increased the root fresh weight
ratio by 22.14% (Figure 2G).
3.3 Dry weight and plant tissue distribution

The variety, treatment and interaction between variety and
treatment signi�cantly in�uenced leaf dry weight, stem dry weight,
root dry weight, and shoot dry weight (p < 0.05) (Table 1). As shown
in Figure 3, compared with CK0, the CK treatment decreased leaf,
stem, root, and shoot dry weight. In Xiangyaxiangzhan, treatments T1,
T2, and T4 increased leaf dry weight relative to CK, while in
Yuxiangyouzhan, only T3 resulted in an increase (Figure 3A). For
stem dry weight, all four treatments increased this parameter in
Xiangyaxiangzhan compared with CK (Figure 3B). Regarding root
dry weight, with T4 showing a greatest increase of 44.41% in
Xiangyaxiangzhan; in Yuxiangyouzhan, only T3 enhanced root dry
weight (Figure 3C). Finally, shoot dry weight was increased by all four
treatments in Xiangyaxiangzhan (Figure 3D).

The variety, treatment and interaction between variety and
treatment signi�cantly in�uenced root and shoot dry weight ratio
(p < 0.05) (Table 1). As shown in Figure 3, compared with CK0, the
CK treatment resulted in an increase in leaf dry weight ratio, stem dry
weight ratio, and shoot dry weight ratio, while the root dry weight
ratio decreased. For Xiangyaxiangzhan, T3 decreased the leaf dry
weight ratio compared with CK, whereas for Yuxiangyouzhan, T4
decreased it (Figure 3E). In Xiangyaxiangzhan, T3 and T4 decreased
TABLE 1 AVOVA of the investigated parameters.

Parameter Variety (V) Treatment (T) V×T

Total fresh weight ** ** **

Total dry weight ** ** **

Root-shoot ratio ** ** **

Dry weight per seedling height ** ** **

Leaf fresh weight ** ** **

Stem fresh weight ** ** ns

Root fresh weight ns ** **

Shoot fresh weight ** ns *

Leaf fresh weight ratio ** ** **

Stem fresh weight ratio ** ** **

Root fresh weight ratio ** ** ns

Leaf dry weight ** ** **

Stem dry weight ** ** **

Root dry weight ** ** **

Shoot dry weight ** ** **

Leaf dry weight ratio ns * ns

Stem dry weight ratio ** ** ns

Root dry weight ratio ** ** *

Shoot dry weight ratio ** ** *

Plant height ** ** **

Root length ns ** **

Stem length ns ** ns

Leaf length ns ns ns

Leaf width ns ns *

Number of green leaves ns ** ns

Speci�c leaf weight ns ns ns

SOD activity in root ns ** **

SOD activity in stem ns ** *

SOD activity in leaf ns ** **

MDA content in root ** ** **

MDA content in stem ns ** **

MDA content in leaf ns ** **

CAT activity in root ** ** **

CAT activity in stem ns ** **

CAT activity in leaf ns ** **

POD activity in root ** ** **

POD activity in stem * ** **

POD activity in leaf ns * ns
CAT, catalase; SOD, superoxide dismutase; POD, peroxidase; MDA, malondialdehyde.
*, signi�cant at p < 0.05; **, signi�cant at p < 0.01; ns, nonsigni�cant at the p > 0.05 level.
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the stem dry weight ratio relative to CK; in Yuxiangyouzhan, T2 and
T3 decreased the stem dry weight ratio (Figure 3F). Regarding the
root dry weight ratio, T1 and T2 signi�cantly increased it in
Xiangyaxiangzhan compared with CK. In Yuxiangyouzhan, T2, T3,
and T4 all increased the root dry weight ratio, with T3 showing the
most signi�cant increase of 16.87% (Figure 3G). Finally, in
Xiangyaxiangzhan, T3 and T4 decreased the shoot dry weight ratio
compared with CK (Figure 3H).
3.4 Plant height, and tissue length and leaf
parameters

The variety, treatment and interaction between variety and
treatment signi�cantly affected plant height (p < 0.05) (Table 1).
As shown in Figure 4, compared with CK0, the CK treatment
resulted in decreases in plant height, root length, stem length, leaf
length, and the number of green leaves. In Xiangyaxiangzhan, T1
signi�cantly increased seedling plant height by 45.94%; in
Yuxiangyouzhan, T1 signi�cantly increased seedling plant height
by 50.91% (Figure 4A). For root length, T4 increased this parameter
Frontiers in Plant Science 05
in Xiangyaxiangzhan compared with CK, while all four treatments
increased root length in Yuxiangyouzhan (Figure 4B). Regarding
stem length, T1 showing a signi�cant increase of 53.49%; in
Yuxiangyouzhan, T1 signi�cantly increased seedling stem length
by 79.01% (Figure 4C). For leaf length, T1 showing a great increase
of 37.09%; in Yuxiangyouzhan, only T1 increased leaf length
(Figure 4D). In terms of leaf width, treatments T2, T3, and T4
increased it in Xiangyaxiangzhan, whereas in Yuxiangyouzhan only
T3 resulted in an increase (Figure 4E). Finally, the number of green
leaves was increased by T1, T2, and T4 in Xiangyaxiangzhan, and by
T1 and T3 in Yuxiangyouzhan (Figure 4F).
3.5 Antioxidant attributes

The variety, treatment and interaction between variety and
treatment signi�cantly affected CAT activity in root (p < 0.05)
(Table 1). As shown in Figure 5, compared with CK0, the CK
treatment increased CAT activity in both root and stem of
Xiangyaxiangzhan, whereas in Yuxiangyouzhan, CAT activity
increased only in stem. In Xiangyaxiangzhan, compared with CK,
FIGURE 1

Effects of plant growth regulators and micro-fertilizers on the total biomass and growth parameters under simulated mechanical transplanting injury.
Total fresh weight (A), total dry weight (B), root-shoot ratio (C), dry weight per seedling height (D). CK0: Non -injured control, without PGRs or MFs;
CK: simulated root-injured control, without PGRs or MFs; T1: 100 mg·L-1 gibberellin; T2: 2 mg·L-1 indolebutyric acid solution; T3: Mg fertilizers; T4:
Zn fertilizers. Lowercase letters indicate signi�cant differences among treatments (LSD test).
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T1 signi�cantly increased leaf CAT activity by 87.97%, while T2
enhanced root CAT activity by 45.35%. T3 noticeable elevated CAT
activity in leaf by 20.83%. In Yuxiangyouzhan, relative to CK, T1
signi�cantly raised CAT activity in stem and leaf by 26.15% and
Frontiers in Plant Science 06
13.37%, respectively. T3 signi�cantly improved CAT activity in root
by 52.86%. T4 increased CAT activity in stem by 62.00%.

The variety, treatment and interaction between variety and
treatment signi�cantly affected SOD activity in root, stem and leaf
FIGURE 2

Effects of plant growth regulators and micro-fertilizers on fresh weight and plant tissue distribution under simulated mechanical transplanting injury.
Leaf fresh weight (A), Stem fresh weight (B), Root fresh weight (C), Leaf fresh weight ratio (D), Shoot fresh weight (E), Stem fresh weight ratio (F),
Root fresh weight ratio (G). CK0: Non -injured control, without PGRs or MFs; CK: simulated root-injured control, without PGRs or MFs; T1:
100 mg·L-1 gibberellin; T2: 2 mg·L-1 indolebutyric acid solution; T3: Mg fertilizers; T4: Zn fertilizers. Lowercase letters indicate signi�cant differences
among treatments (LSD test).
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FIGURE 3

Effects of plant growth regulators and micro-fertilizers on dry weight and plant tissue distribution under simulated mechanical transplanting injury.
Leaf dry weight (A), Stem dry weight (B), Root dry weight (C), Shoot dry weight (D), Leaf dry weight ratio (E), Stem dry weight ratio (F), Root dry
weight ratio (G), Shoot dry weight ratio (H). CK0: Non -injured control, without PGRs or MFs; CK: simulated root-injured control, without PGRs or
MFs; T1: 100 mg·L-1 gibberellin; T2: 2 mg·L-1 indolebutyric acid solution; T3: Mg fertilizers; T4: Zn fertilizers. Lowercase letters indicate signi�cant
differences among treatments (LSD test).
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(p < 0.05) (Table 1). As shown in Figure 6, compared with CK0,
only Yuxiangyouzhan exhibited increased leaf SOD activity under
the CK treatment. In Xiangyaxiangzhan, T1 signi�cantly increased
SOD activity in root, stem, and leaf by 87.52%, 59.77%, and
Frontiers in Plant Science 08
199.74%, respectively. T2 signi�cantly enhanced SOD activity in
stem and leaf by 112.15% and 223.77%. T3 signi�cantly elevated
SOD activity in all tissues, with increases of 124.57% in root, 85.08%
in stem, and 230.49% in leaf. T4 also signi�cantly increased SOD
FIGURE 4

Effects of plant growth regulators and micro-fertilizers on plant height, tissue length and leaf parameters under simulated mechanical transplanting injury.
Plant height (A), Root length (B), Stem length (C), Leaf length (D), Leaf width (E), Number of green leaves (F), Speci�c leaf weight (G). CK0: Non -injured
control, without PGRs or MFs; CK: simulated root-injured control, without PGRs or MFs; T1: 100 mg·L-1 gibberellin; T2: 2 mg·L-1 indolebutyric acid
solution; T3: Mg fertilizers; T4: Zn fertilizers. Lowercase letters indicate signi�cant differences among treatments (LSD test).
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