Physiology and Molecular Biology of Plants (May 2026) 32(5):1151-1163
https://doi.org/10.1007/512298-026-01754-y

RESEARCH ARTICLE

Check for
updates

24-Epibrassinolide modulates antioxidant regulation and redox
homeostasis in soybean exposed to cadmium stress

Furkan Demirel’ - Yonca Surgun-Acar?

Received: 3 January 2026 / Revised: 27 February 2026 / Accepted: 16 April 2026 / Published online: 27 April 2026

©The Author(s) 2026

Abstract

Cadmium (Cd) is a toxic heavy metal that severely
impairs plant growth and productivity by disrupting cel-
lular homeostasis. This study investigated the effects of
foliar-applied 24-Epibrassinolide (EBL) on antioxidant
capacity and redox coordination in Cd-stressed Glycine
max (L.) through integrated physiological, biochemi-
cal, and transcriptional analyses. Seedlings were grown
hydroponically and exposed to 20 or 40 mg L' Cd for
10 days, while 1 uM EBL was applied as a foliar treat-
ment. Increasing Cd concentrations reduced plant growth
and photosynthetic pigment contents, whereas Cd accumu-
lation in leaves increased markedly. The combined applica-
tion of Cd and EBL significantly improved shoot growth
and pigment contents compared to plants treated with Cd
alone. Cadmium stress increased hydrogen peroxide and
malondialdehyde levels, while co-application of EBL sig-
nificantly decreased these oxidative markers. Exposure to
Cd stimulated the activities of key antioxidant enzymes,
including superoxide dismutase, catalase, ascorbate peroxi-
dase, and peroxidase, with EBL application further enhanc-
ing these activities, particularly at 20 mg L™ ! Cd. In addi-
tion, EBL promoted the accumulation of non-enzymatic
antioxidants, including proline, phenolics, and flavonoids.
Transcriptional analysis revealed that EBL coordinately
regulates antioxidant-related gene expression, supporting
a gene-specific response under Cd stress. Overall, foliar
application of EBL strengthened antioxidant defences and
maintained redox homeostasis, thereby improving soybean
tolerance, particularly at the lower Cd concentration.
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Introduction

Heavy metal pollution in soil has increased at an alarming
rate, threatening agricultural productivity and ecosystem
sustainability. Among heavy metals, cadmium (Cd) in its*2-
oxidation state is highly reactive, non-essential, and per-
sistent in the environment, causing severe hazards to both
animals and plants even at low concentrations (Shanmuga-
raj et al. 2019; Qin et al. 2020). In plants, Cd is primarily
absorbed by roots via membrane transporters that normally
facilitate the uptake of essential mineral nutrients, includ-
ing calcium, zinc, and iron (Riaz et al. 2021). Cadmium
exposure triggers a range of detrimental effects in plants,
which collectively inhibit plant growth and ultimately lead
to substantial yield losses (Chen et al. 2025). To counteract
Cd toxicity, plants employ multiple regulatory mechanisms,
including reinforcement of antioxidant defences, com-
partmentalization of Cd within specific cellular or tissue
regions, chelation through metallothioneins and phytochela-
tins, and active sequestration or efflux of the metal (Shahid
et al. 2017; Rizwan et al. 2018).

The exogenous application of phytohormones has been
widely reported as an effective strategy to alleviate the toxic
effects of heavy metals in plants (Sytar et al. 2019). Brassi-
nosteroids (BRs) are naturally occurring, biodegradable
polyhydroxylated steroids that play central regulatory roles
in plant growth, development, and stress adaptation (Li et
al. 2021; Chakraborty et al. 2025). Increasing evidenc sug-
gests that BRs enhances plant tolerance to abiotic stresses
through interconnected physiological and biochemical
mechanisms. These include maintaining photosynthetic effi-
ciency, stimulating antioxidant enzyme activities, promoting
osmoprotectant accumulation, and modulating endogenous
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phytohormone biosynthesis and signaling pathways, such
as gibberellins (GA) and abscisic acid (ABA) (Yang et al.
2023). Exogenous 24-Epibrassinolide (EBL), an active
BR, has similarly been shown to mitigate metal-induced
toxicity in several plant species, including nickel stress in
Raphanus sativus (Sharma et al. 2011), copper stress in Vitis
vinifera, chromium stress in Capsicum annuum (Mumtaz et
al. 2022), lead stress in Lycopersicon esculentum (Maia et
al. 2022), and arsenate stress in Oryza sativa (Shabab and
Sarada 2024).

Soybean (Glycine max L.) is one of the five most impor-
tant food crops cultivated worldwide and represents the
most widely grown oilseed crop (Kumari et al. 2025). The
adverse effects of Cd on soybean growth and physiology
have been widely documented in previous studies (Bal-
estrasse et al. 2001; Ferreira et al. 2006; Finger-Teixeira et
al. 2010; Chmielowska-Bak et al. 2013; Xue et al. 2013;
Pérez Chaca et al. 2014; Ikhajiagbe et al. 2021; Liu et al.
2023). Nevertheless, the role of BRs in regulating anti-
oxidant defence mechanisms in soybean under Cd stress
remains unclear. To address this gap, we investigated how
exogenous EBL influences enzymatic and transcriptional
responses under oxidative stress induced by varying Cd
concentrations. Within this framework, the effects of foliar-
applied EBL on growth, oxidative stress markers, activities
of key antioxidant enzymes, and stress-related gene expres-
sion were evaluated in Cd-stressed soybean seedlings.

Materials and methods
Plant material and experimental design

Soybean [Glycine max (L.) Merr. cv. Lider] seeds were
obtained from the ProGen Seed Company (Hatay, Tiirkiye).
The cultivar Lider was selected as a well-characterized vari-
ety that has been widely used in agronomic and physiologi-
cal studies under diverse environmental conditions (Yasar
and Sezgin 2022; Yilmaz 2024; Ingkar et al. 2025). Cad-
mium chloride (CdCl,) concentrations used in this study
were determined through a preliminary experiment. Soy-
bean seeds were surface-sterilized following Aserse et al.
(2012) and incubated for five days in Petri dishes on filter
papers moistened with 0, 5, 10, 20, 40, and 80 mg L™! CdCl,.
Based on root length measurements, CdCl, concentrations
of 20 mg and 40 mg L™! (ECso) were chosen. For the sub-
sequent experiments, soybean seeds were surface-sterilized
and germinated using the same protocol as in the preliminary
experiment, then transferred to a hydroponic culture system
containing one-quarter-strength (%) Hoagland nutrient solu-
tion (Hoagland and Arnon 1938). Plants were maintained
in a controlled growth chamber at 22+2 °C, under a 16/8 h
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light/dark photoperiod with a light intensity of 225 pumol
m 2 s~!. Seedlings were acclimated to hydroponic condi-
tions for three days prior to treatment. Then, plants were
exposed to Ys-strength Hoagland solution supplemented
with 20 or 40 mg L™! CdCl, for 10 days. Foliar applica-
tion of 1 uM EBL was carried out following the method of
Surgun et al. (2016), using a spray volume of approximately
1 ml per plant, and repeated every two days. Nutrient solu-
tions were renewed every two days throughout the experi-
mental period. Each treatment was conducted using three
independent glass hydroponic tanks. For biochemical anal-
yses, four independent biological replicates were used per
treatment, whereas quantitative real-time PCR (qRT-PCR)
was performed with three biological replicates, each includ-
ing three technical replicates. At the end of the treatment,
plant growth parameters were recorded, and leaf samples
were immediately frozen in liquid nitrogen, and stored at
—80 °C for future biochemical and molecular analyses.

Growth parameters

Root and shoot tissues from 10 to 12 seedlings per treatment
were collected to measure fresh weights (FW). Samples
were then dried at 70 °C for 48 h to determine dry weight
(DW). In addition, primary root length and shoot length
were measured to assess growth performance.

Cadmium content

Leaf samples were oven-dried at 70 °C for 48 h and ground
into a fine powder using a mortar and pestle. Approximately
0.2 g of the material was subjected to microwave-assisted
acid digestion following Radojevi¢ and Bashkin (1999).
Cadmium concentrations were subsequently determined
using inductively coupled plasma optical emission spec-
trometry (ICP-OES; Agilent 5100, USA).

Biochemical analyses
Photosynthetic pigment contents

Leaf tissues (0.3 g) were homogenized in 3 ml of 80% (v/v)
acetone to determine photosynthetic pigment contents. The
homogenate was centrifuged, and the absorbance of the
supernatant was measured at 470, 645, and 663 nm using
a spectrophotometer. Total chlorophyll and carotenoid con-
tents were calculated following Sumanta et al. (2014).

Hydrogen peroxide and malondialdehyde contents

Hydrogen peroxide (H,0,) and malondialdehyde (MDA)
contents were determined by homogenizing 0.3 g of leaf
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tissue in 3 ml of ice-cold 0.1% (w/v) trichloroacetic acid
(TCA). The homogenate was centrifuged at 12 000 rpm for
15 min at 4 °C, and the supernatant was used for the quan-
tification of both H,0, and MDA. Hydrogen peroxide con-
tent was measured spectrophotometrically at 390 nm based
on triiodide formation following potassium iodide oxidation
(Velikova et al. 2000). Malondialdehyde content was deter-
mined using the thiobarbituric acid (TBA) assay (Du and
Bramlage 1992).

Antioxidant enzyme assays

Frozen leaf'tissue (0.3 g) was homogenized in 3 ml of ice-cold
phosphate buffer (0.05 M, pH 7.0) containing 1 mM diso-
dium EDTA and 2% (w/v) polyvinylpyrrolidone. Homog-
enates were centrifuged at 11 000 rpm for 15 min at 4 °C,
and the resulting supernatants were used for protein quan-
tification and enzyme activity assays. Total soluble protein
content was determined using the Bradford (1976) method.
Activities of superoxide dismutase (SOD; EC 1.15.1.1) and
catalase (CAT; EC 1.11.1.6) were quantified using plant spe-
cific commercial ELISA kits (SunRed, China), following
the manufacturer’s instructions. Guaiacol peroxidase (GPX;
EC 1.11.1.7) and ascorbate peroxidase (APX; EC 1.11.1.11)
activities were assayed according to Scebba et al. (2001)
and Nakano and Asada (1981), respectively.

Free proline level

For proline determination, leaf tissue (0.3 g) was extracted
with 5 ml of 3% (w/v) sulfosalicylic acid and filtered
through Whatman No. 2 paper. An aliquot (1 ml) of the fil-
trate was mixed with 2 ml of acid-ninhydrin reagent and
incubated at 100 °C for 30 min. After cooling in an ice bath,
absorbance was measured at 508 nm (Shabnam et al. 2016),
and free proline content was estimated using an L-proline
standard curve.

Total phenolic and flavonoid contents

For the determination of total phenolic and flavonoid con-
tents, frozen leaf samples (0.3 g) were homogenized in 3 ml
of absolute methanol and centrifuged at 13 000 rpm for
10 min at 4 °C. The supernatants were used for following
analyses. Total phenolic content was determined accord-
ing to Maksimovi¢ and Zivanovié¢ (2012) and expressed
as caffeic acid equivalents (CAE). Total flavonoid content
was measured as described by Shubhangi et al. (2017) and
expressed as pg quercetin equivalents (QE) g ' FW.

Molecular analysis

Total RNA was isolated from leaf tissues using the GeneJET
Plant RNA Purification Kit (Thermo Fisher Scientific, Ger-
many), based on the manufacturer’s instructions. RNA con-
centration and purity were assessed spectrophotometrically,
and RNA integrity was verified by agarose gel electropho-
resis. To eliminate residual genomic DNA contamination,
RNA samples were treated with DNase I (Thermo Fisher
Scientific, Germany). First-strand cDNA was synthesized
from 1 pg of RNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Germany). Primer
sequences, gene accession numbers, optimal annealing tem-
peratures, and references of the selected antioxidant-related
genes (CSDS5, MSD1, FSD3, CATI, APXI, and POD) in
Glycine max are listed in Table S1. Primers were designed
with MacVector Pro 18 software (USA), considering GC
content and absence of primer—dimers. qRT-PCR was con-
ducted using 2xAMPIGENE qPCR Green Mix (Enzo Life
Sciences, USA) on a StepOnePlus™ Real-Time PCR Sys-
tem (Thermo Fisher Scientific, Germany). The Actin6 gene
was used as the internal reference gene. Amplification spec-
ificity was verified by melting curve analysis. Relative tran-
script abundance was calculated using the 2 22T method
(Livak and Schmittgen 2001).

Statistical analysis

Prior to statistical analysis, data normality and variance
homogeneity were assessed using the Shapiro—Wilk and
Bartlett’s tests, respectively. Differences among treatments
were evaluated by one-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test. Statistical signifi-
cance was set at p<0.05.

Results
Growth and Cd content

Cadmium-induced reductions were observed at both 20 and
40 mg L™ ! in shoot and root fresh and dry weights (Fig. 1A—
D), as well as in shoot and primary root lengths (Fig. 1E
and F). Exogenous EBL application, either alone or in
combination with Cd, significantly improved shoot growth
parameters (Fig. 1A, B and E). Cadmium exposure resulted
in 185.3- and 390.9-fold increases of the metal in soybean
seedling leaves at 20 and 40 mg L™, respectively (Fig. 2).
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Fig. 1 Effects of foliar-applied 24-Epibrassinolide on shoot fresh
weight (A), shoot dry weight (B), root fresh weight (C), root dry weight
(D), shoot length (E), and primary root length (F) of soybean seedlings
under Cd stress. Cd1 and Cd2 correspond to 20 and 40 mg L™' Cd,

@ Springer

respectively. Values are presented as means+SEM (n=10-12). Differ-
ent letters above the bars indicate statistically significant differences
among treatments according to Duncan’s multiple range test (»<0.05)
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Fig.2 Effects of foliar-applied 24-Epibrassinolide on Cd accumulation
in the leaves of soybean seedlings under Cd stress. Cd1 and Cd2 cor-
respond to 20 and 40 mg L™ ! Cd, respectively. Values are presented as
means+SEM (n=3). Different letters above the bars indicate statisti-
cally significant differences among treatments according to Duncan’s
multiple range test (p<0.05)

Biochemical parameters

Total chlorophyll and carotenoid contents in leaves
responded similarly to Cd and/or EBL treatments (Fig. 3A
and B). Cadmium stress decreased chlorophyll and carot-
enoid levels, while EBL treatment alone enhanced these
pigments compared with the control. Co-application of
EBL with 20 mg L™! Cd significantly mitigated chlorophyll
loss, restoring levels to those comparable to the control
(Fig. 3A). Furthermore, carotenoid content was enhanced
by EBL under both Cd concentrations (Fig. 3B). A marked
increase in H,O, and MDA contents were observed under
Cd treatments compared with the untreated samples. Foliar
application of EBL under Cd stress reduced these oxida-
tive stress markers relative to Cd treatment alone (Fig. 3C
and D). SOD activity was similarly enhanced at 20 and 40
mg L~! Cd, whereas CAT activity increased progressively
with rising Cd concentration, showing a dose-dependent
response (Fig. 4A and B). Both Cd treatments enhanced
APX and GPX activities, with 20 mg L™ ! inducing the high-
est increase among the tested concentrations (Fig. 4C and
D). Exogenous EBL further enhanced SOD activity under
Cd treatments, whereas stimulatory effects on CAT, APX,
and GPX were observed only at 20 mg L' Cd (Fig. 4).
Free proline, total flavonoid, and phenolic contents signifi-
cantly increased in response to 20 and 40 mg L™! Cd treat-
ments compared with the control (Fig. 5). Co-application
of EBL with Cd further elevated proline and flavonoid
levels beyond those observed in the control and Cd-only

treatments (Fig. 5A and C). The 20 mg L™ ! Cd+EBL treat-
ment also increased total phenolic content compared with
20 mg L' Cd alone (Fig. 5B).

Gene expression

Under Cd stress, foliar EBL application significantly modu-
lated the transcription of antioxidant-related genes in soy-
bean leaves (Fig. 6). The examined SOD isoforms (CSDJ5,
MSD1, and FSD3) exhibited distinct expression profiles in
response to Cd and/or EBL treatment. CSD5 expression
increased following EBL application alone, whereas both
20 and 40 mg L™! Cd treatments suppressed its expression
in leaves. Notably, under 40 mg L™ ' Cd, EBL markedly ele-
vated CSDJ5 transcript levels relative to the corresponding
Cd-only treatment (Fig. 6A). MSDI expression increased in
a dose-dependent manner (1.8- and 2.5-fold at 20 mg L™
and 40 mg L™ !, respectively), and this induction was further
enhanced by EBL at both concentrations (Fig. 6B). Among
the analyzed genes, FSD3 showed the most pronounced
transcriptional response. Specifically, 20 and 40 mg L™! Cd
induced 8.3- and 20.4-fold increases, respectively, in F.SD3
mRNA levels. Co-application of 20 mg L' Cd with EBL
led to a 24.7-fold increase in FSD3 transcript abundance in
leaves (Fig. 6C).

Following 10 days of Cd exposure, CATI, APXI, and
POD expression showed significant increases in response to
rising Cd concentrations (Fig. 6D—F). EBL further enhanced
CATI transcript levels by 26.3% at 20 mg L™ Cd, whereas
it slightly reduced CAT! expression at 40 mg L' Cd com-
pared with the corresponding Cd-alone treatment (Fig. 6D).
APX] transcript levels were elevated 1.9-fold in response to
EBL alone (Fig. 6E). APX1 and POD expression in leaves
of seedlings exposed to 20 mg L™! Cd were significantly
stimulated by EBL (Fig. 6E and F).

Discussion

Cadmium exposure negatively affected soybean seedling
development, leading to reduced shoot and root growth.
The inhibitory effects of Cd on root development may be
attributed to enhanced monolignol biosynthesis, which
promotes lignin deposition, reinforces root cell walls, and
consequently restricts cell elongation and root growth
(Finger-Teixeira et al. 2010). In addition, elevated Cd con-
centrations also disrupt nutrient uptake and water acquisi-
tion, further limiting overall plant growth and development
(Gomes et al. 2013). In contrast, the observed improvement
in shoot growth following foliar EBL application under
Cd stress reveals a potential role of EBL in alleviating Cd-
induced growth inhibition. This growth-promoting effect
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Fig. 3 Effects of foliar-applied 24-Epibrassinolide on total chlorophyll
(A), carotenoid (B), hydrogen peroxide (H,0,) (C), and malondialde-
hyde (MDA) (D) contents in the leaves of soybean seedlings under Cd
stress. Cd1 and Cd2 correspond to 20 and 40 mg L™ Cd, respectively.

is consistent with previous reports (Anuradha and Rao
2009; Alam et al. 2021). Exogenous EBL has been shown
to enhance photosynthetic performance in metal stressed
plants, which may substantially contribute to increased bio-
mass production under Cd stress (Ali et al. 2008). More-
over, BRs stimulate the biosynthesis of organic acids and
help maintain the functionality of vascular tissues respon-
sible for efficient water and nutrient transport from roots to
the apical meristem (Vardhini et al. 2010), thereby support-
ing sustained growth even under adverse conditions.

In the present study, Cd accumulation in soybean leaves
increased with rising Cd concentrations, whereas foliar
application of EBL had no significant effect on Cd levels.
Earlier studies have reported a reduction in Cd accumula-
tion following EBL treatment (Santos et al. 2018; Huang et
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Values are presented as means+SEM (n=4). Different letters above
the bars indicate statistically significant differences among treatments
according to Duncan’s multiple range test (p<0.05)

al. 2024). This discrepancy may reflect differences in EBL
application method, timing, and concentration, as well as
plant species, genotype, or exposure duration. Under the
conditions of this study, these results suggest that EBL’s
protective effect in soybean is mainly mediated by enhanced
antioxidant defences.

Chlorophyll is essential for photosynthesis, and its con-
centration in leaves represents a key determinant of overall
plant growth (Tantray et al. 2020). Similarly, carotenoids act
as potent antioxidants in plant cells by mitigating reactive
oxygen species (ROS) accumulation and protecting biomol-
ecules from oxidative stress induced damage (Sharma et al.
2012). Consistent with the present findings, several studies
have reported that Cd exposure reduces pigment levels in
soybean (Drazi¢ et al. 2004; Xue et al. 2013; Pérez Chaca et
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Fig. 4 Effects of foliar-applied 24-Epibrassinolide on the activities
of total superoxide dismutase (SOD) (A), catalase (CAT) (B), ascor-
bate peroxidase (APX) (C), and peroxidase (POD) (D) in the leaves
of soybean seedlings under Cd stress. Cd1 and Cd2 correspond to 20

al. 2014). Liu et al. (2023) proposed that this reduction may
result from competitive interactions of Cd with magnesium,
iron, and zinc at the binding sites of key photosynthetic
enzymes, including fructose-1,6-bisphosphate aldolase,
RuBisCo, and carbonic anhydrase. Comparable increases in
pigment levels following EBL application under Cd stress
have been reported in Cd-stressed Lycopersicum esculen-
tum (Hasan et al. 2011). Additionally, foliar application of 1
puM EBL increased chlorophyll content in Vigna angularis
leaves under Cd stress, an effect associated with the upregu-
lation of chlorophyll biosynthesis—related genes and the
maintenance of photosynthetic efficiency (Chen et al. 2025).

Soybean leaves exhibited a concentration-dependent
increase in H,0, accumulation and lipid peroxidation
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and 40 mg L™ ' Cd, respectively. Values are presented as means+SEM
(n=4). Different letters above the bars indicate statistically significant
differences among treatments according to Duncan’s multiple range
test (p<0.05)

(MDA) under Cd treatment. Chmielowska-Bak et al. (2017)
demonstrated that Cd exposure in soybean seedlings acti-
vates NADPH oxidase, leading to elevated ROS production.
Foliar application of EBL reduced both H,0, and MDA
levels, indicating that EBL enhances antioxidant capacity
and helps maintain membrane stability under Cd-induced
oxidative stress. Consistent with these observations, Shah et
al. (2019) reported that EBL alleviated Cd toxicity in Cucu-
mis sativus by modulating alternative oxidase (AOX), a
key component of mitochondrial ROS detoxification, while
simultaneously increasing ethylene production and reducing
H,0, accumulation. Similarly, brassinolide treatment sig-
nificantly decreased oxidative stress markers in Cd-exposed
Wolffia arrhiza seedlings (Chmur and Bajguz 2025).
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Fig.5 Effects of foliar-applied 24-Epibrassinolide on proline (A), total
phenolic (B), and total flavonoid (C) contents in the leaves of soybean
seedlings under Cd stress. Cdl and Cd2 correspond to 20 and 40 mg
L~ ! Cd, respectively. Values are presented as means=+SEM (n=4). Dif-
ferent letters above the bars indicate statistically significant differences
among treatments according to Duncan’s multiple range test (»<0.05)

Cadmium-induced ROS accumulation is known to acti-
vate the antioxidant system responsible for cellular detoxi-
fication. The observed increases in SOD, CAT, APX, and
POD activities, along with elevated H,0, levels, reflected
a coordinated activation of the antioxidative network in
response to Cd stress, consistent with previous reports of
enhanced antioxidant enzyme activities under similar Cd
exposure (Gong et al. 2023). In line with our findings, ear-
lier studies have shown that BRs stimulate key antioxidant
enzymes, reducing Cd-induced oxidative damage in various
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plant species, including Brassica juncea (Hayat et al. 2007)
and Lycopersicon esculentum (Hasan et al. 2011). This
EBL-mediated tolerance to heavy metal stress is linked to
upregulation of antioxidant system-related genes, provid-
ing a mechanistic explanation for the observed increase in
enzymatic activities under Cd stress (Bajguz 2000; Sharma
et al. 2016; Jia et al. 2021).

Plants accumulate osmoprotective metabolites, particu-
larly proline, which contributes to osmotic adjustment by
increasing cytosolic solutes and lowering cellular osmotic
potential under stress (Posmyk et al. 2009). Wang et al.
(2025) demonstrated that Cd-induced upregulation of
GmP5CS in vegetable soybean enhances proline accumu-
lation, thereby supporting Cd tolerance. Treatment with
Cd in the present study increased proline levels in soybean
leaves, which were further elevated by foliar EBL. Simi-
lar trends have been reported in Cucumis sativus (Shah et
al. 2020) and Brassica juncea (Alam et al. 2020) under
Cd stress. Moreover, Surgun-Acar and Zembheri-Navruz
(2022) reported that EBL enhanced proline accumulation
and upregulated P5CS! and P5CS?2, the genes encoding the
proline biosynthetic enzyme P5CS, in Arabidopsis thaliana
exposed to manganese stress.

Phenolic compounds play a crucial role in plant defence
against heavy metal toxicity, including Cd, by mitigating oxi-
dative damage within plant cells (Goncharuk and Zagoskina
2023). Flavonoids, a diverse class of plant phenolics, che-
late metal ions, thereby reducing hydroxyl radical formation
and maintaining cellular stability (Fernandez et al. 2002).
The present results align with those of Tadjouri et al. (2022),
who reported that exposure of soybean seedlings to varying
Cd concentrations led to significant increases in total phe-
nolic and flavonoid contents in both root and leaf tissues. In
this study, exogenous EBL enhanced the accumulation of
phenolic and flavonoid compounds in soybean leaves under
Cd stress, pointing to strengthened non-enzymatic antioxi-
dant defences. Similarly, in Citrullus lanatus, EBL upregu-
lated key genes in the phenylpropanoid pathway (PAL, 4CL,
CCR, and CCoAOMT), increased related enzyme activities,
and elevated phenolic, flavonoid, and lignin levels ( Liu et
al. 2023)

To further elucidate the regulatory effects of foliar-applied
EBL on the antioxidant system, the expression of genes
encoding key antioxidant enzymes (CSDJ5, MSDI, FSD3,
CATI1, APXI, and POD) was analyzed. Cadmium exposure
induced isoform-specific modulation of SOD gene expres-
sion, with MSDI and FSD3 were upregulated, whereas
CSD5 was downregulated. These contrasting patterns
reflect the association of SOD regulation with their distinct
subcellular localization, as Cu/Zn-SOD (CSDS5), Fe-SOD
(FSD3), and Mn-SOD (MSD1) are predominantly localized
in the cytosol, chloroplasts, and mitochondria, respectively
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(Mittler 2002; Gill and Tuteja 2010). This compartment-
specific distribution may support complementary regula-
tion of superoxide detoxification under stress conditions.
Moreover, CAT1, APXI, and POD transcripts increased at
both Cd concentrations, indicating coordinated transcrip-
tional activation of antioxidant defences. In soybean seed-
lings, El-Esawi et al. (2020) reported a positive correlation
between antioxidant enzyme activities and the expression of
their corresponding genes (SOD, CAT, APX, and POD), all
upregulated under Cd stress. The same study also observed
enhanced transcripts of genes involved in flavonoid and pro-
line biosynthesis. Foliar application of EBL further upregu-
lated the expression of most antioxidant-related genes under

Cd stress, except for CSDJ, particularly at the lower Cd
concentration. Similar BR-induced increases in antioxidant
gene expression have been reported in Arabidopsis thali-
ana under arsenic stress (Surgun-Acar and Zembheri-Navruz
2019) and in Triticum aestivum under both mercury (Iskil
et al. 2022) and Cd stress (Shah et al. 2023). In response
to Cd exposure, H,0, acts as a signaling molecule, activat-
ing mitogen-activated protein kinase (MAPK)-dependent
pathways and promoting the transcription of antioxidant
genes such as SOD, CAT, and APX, thereby contributing to
stress adaptation (Lin and Aarts 2012; Jagodzik et al. 2018).
Notably, BRs have also been shown to activate the MAPK
cascade, enhancing BR biosynthesis and stimulating the

@ Springer



1160

Physiology and Molecular Biology of Plants (May 2026) 32(5):1151-1163

production of other growth-related phytohormones (Planas-
Riverola et al. 2019).

Conclusion

Cadmium exposure induced oxidative stress in soybean
seedlings, as evidenced by growth inhibition, reduced pig-
ment content, and elevated oxidative stress markers, reflect-
ing disrupted cellular homeostasis. Foliar application of
EBL mitigated these adverse effects by enhancing antioxi-
dant defences at both physiological and biochemical lev-
els, while transcriptional modulation of antioxidant-related
genes suggests a coordinated regulatory response. Collec-
tively, these findings highlight the potential of foliar EBL
to enhance antioxidant capacity and improve soybean toler-
ance to Cd stress, although further field studies are needed
to confirm its practical efficacy.
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